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Abstract Biofabrication is currently able to provide re-
liable models for studying the development of cells and
tissues into multiple environments. As the complexity of
biofabricated constructs is becoming increasingly higher
their ability to closely mimic native tissues and organs is
also increasing. Various biofabrication technologies cur-
rently allow to precisely build cell/tissue constructs at
multiple dimension ranges with great accuracy. Such
technologies are also able to assemble together multiple
types of cells and/or materials and generate constructs
closely mimicking various types of tissues. Furthermore,
the high degree of automation involved in these technolo-
gies enables the study of large arrays of testing conditions
within increasingly smaller and automated devices both
in vitro and in vivo. Despite not yet being able to generate
constructs similar to complex tissues and organs, biofab-
rication is rapidly evolving in that direction. One major
hurdle to be overcome in order for such level of complex
detail to be achieved is the ability to generate complex
vascular structures within biofabricated constructs. This
review describes several of the most relevant technologies
and methodologies currently utilized within biofabrication
and provides as well a brief overview of their current and
future potential applications.
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1 Introduction

The establishment of more reliable and versatile human
tissue models is becoming an increasing need in order to
properly understand human cells and tissues as well as their
mode of interaction with a wide variety of external factors
ranging from drugs to nanoparticle-based products.

On one hand, as drugs and medical treatments are
becoming increasingly specific and personalized, the
currently utilized in vitro human cell culture models and
in vivo animal models are becoming obsolete since they are
not able to closely mimic the environment and the prop-
erties of cells in human tissues and organs. On the other
hand, man-made materials and products are also becoming
increasingly complex, making the task of evaluating their
biosafety through current methodologies extremely diffi-
cult if not impossible. As an example, the number of
products containing manufactured nanoparticles (MNPs) is
in constant increase with at least 200 new products entering
the consumer markets every year [1] yet, increasing evi-
dence shows that some of those nanoparticles may exert
toxic effects both toward humans and environmental end-
points [2, 3].

Tissue engineering has emerged as a field aiming to
generate living substitutes for damaged human tissues.
Over the last two decades, various types of relatively
simple tissue substitutes such as bone [4], cartilage [5] and
skin [6], have been successfully generated in vitro,
although not fully translated to clinical application due to
their labour-intensive and costly production processes [7].

Automated technologies such as biofabrication are seen
as the missing link for this transition to happen since they
enable mass production of complex constructs in a timely
and cost-effective manner [8]. Despite having as its long
term goal to generate fully functional complex tissues and
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organs, biofabrication already shows the potential to
radically change important industries such as the pharma-
ceutical and consumer product industries, simply by being
able to generate constructs which more closely mimic na-
tive human tissues. Such improvement will greatly increase
the reliability of the screening, testing and validation of
products for human use.

In this short review we intend to demonstrate how tissue
engineering-based biofabrication technologies may become
a versatile tool for the rapid and reliable study of human
cells and tissues and their interactions with external factors.

2 Single cell models

The concept of biofabrication is very broad and can be
implemented by using a wide range of technologies at
various size scales. As stated by Mironov et al. in 2009 [9],
biofabrication can be generally defined as the production of
complex living and non-living biological products from
raw materials such as living cells, molecules, extracellular
matrices, and biomaterials. In a more recent definition and
in the scope of tissue engineering and regenerative medi-
cine, biofabrication was further described as being capable
of constructing or patterning materials, with a high degree
of control, by finely tuning and defining material geome-
tries, localization of biomolecular cues, and/or mechanical
properties in order to resemble endogenous tissues [10].

The ability to manipulate single cells as building blocks
within the context of biofabrication is of great importance
not only for building larger complex and organized con-
structs from single cells but also for enabling the detailed
study of tissues at the single cell level when exposed to
external factors. An important advantage of biofabrication
is that it enables to perform such characterization by means
of high throughput screening (HTS) which consists of si-
multaneously characterizing extensive numbers of samples
under automated and highly controlled conditions. HTS is
widely utilised in pharmaceutical research for drug dis-
covery purposes [11] given the large amount of compounds
being constantly tested for many targets.

The technology underlying single cell printing can
mainly be of two types, namely microfluidics-based or
laser-based. In both cases, precisely positioned cells can be
deposited into large organized arrays for testing (Fig. 1a).
The microfluidics-based approach resorts to a concept very
similar to the well-established fluorescence activated cell
sorting (FACS). However, unlike FACS which requires
cells to be fluorescently labelled in order to be manipulated
[12, 13], microfluidics-based cell printing can instead re-
sort to a label-free detection system which allows to ac-
curately detect single cells as they are being dispensed onto
substrates [14]. Microfluidics-based single cell printing can
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also be achieved to a certain extent by utilizing common
inkjet printers, however inkjet printers do not possess any
particle/cell detection systems integrated into their printing
cartridges. For this reason the efficiency of single cell de-
position in inkjet printers is highly based on probability
resulting from the concentration and efficiency of disper-
sion of cells in the solution ejected from the print cartridge
in the form of small droplets. The laser-based approach for
printing single cells involves the selective transfer of cells
from one substrate to another in order to generate defined
patterns [15]. It consists of a multi-step procedure where
cells are first spread over a transparent surface (target
substrate) which is then turned upside down, and onto
which a laser is then focused resulting in a droplet of cell
solution being propelled through air toward a second sur-
face (receiving substrate). The patterning of the transferred
cells results from the relative alignment of the laser source,
the target surface and the receiving substrate during
transfer. The volume of transferred cell solution is a
function of the laser energy, laser spot size, solution
composition and thickness.

3 Cellular aggregate models

In the same way as single cells, cellular aggregates can also
be biofabricated into organized arrays in order to serve as
HTS study models (Fig. 1b). The utilized cells can be
originated from either single or multiple sources allowing
also to closely study the interactions taking place between
multiple cells/cell types [16]. Cell printing has also been
recently employed in reproducibly generating large arrays
of human mesenchymal stem cells (hMSCs) spheroid pel-
lets with incrementally increasing sizes which can be used
for various applications [17]. Such strategy consisted of
depositing incrementally increasing concentrations of cells
directly into round bottom well plates which were then
turned upside down in order to generate spheroids through
the hanging-drop methodology [18]. Another main advan-
tage of 3D cellular aggregates (such as spheroid pellets) is
that they resemble more closely the three-dimensional or-
ganization of tissues since traditional two dimensional
models are increasingly known for not being able to closely
mimic the events taking place in native 3D tissue envi-
ronments [19-22].

4 Bioprinted models

Bioprinting can be seen as the natural step forward from
single cell printing and aggregate printing since it basically
utilizes either cells or cellular aggregates to generate 3D
cellular constructs possessing complex architectures



J Mater Sci: Mater Med (2015) 26:156

Page 3 of 6 156

Fig. 1 Scheme representing
biofabricated cell/tissue models
which can be of varying sizes
and complexities depending on
the technology utilized. a 2D

array of single cell models P ) @

which can be biofabricated
through microfluidics-based or
laser-based technologies,

b biofabricated 3D cellular
aggregate models, ¢ bioprinted
3D model composed of vascular
cells organized in a vessel-like
structure surrounded by a
second tissue composed of
another cellular type,

d biofabricated 3D scaffold
seeded with cells

(Fig. 1c). Bioprinting consists of the coordinated extrusion
of cellular aggregates or gel-based cell suspensions onto a
surface through a nozzle mounted in a 3D positioning
system. This process is usually performed at room or
physiological temperature preventing any damage to the
extruded cells and gels. The process of bioprinting cellular
aggregates starts with the patterned deposition of a gel
filament which forms a thin layer possessing grooves [23].
A second layer consisting of cellular aggregates is then laid
on top of these grooves resulting in the entrapment of the
cellular aggregates into exact pre-determined positions.
This process is repeated layer over layer generating a three-
dimensional shape composed of cellular aggregates which
further maturate and fuse together generating a continuous
mass of cells with the pre-determined shape. Aggregate-
based bioprinting has been largely employed in the gen-
eration of vascular constructs given that this process is able
to simultaneously print various cellular types into complex
shapes [23]. The special attention given to the printing of
vascular structures relates to their unique role in delivering
nutrients and oxygen and in removing metabolic residues
from all of the organ systems in the body which becomes
critical in the generation of larger and more complex tis-
sues, organs and organisms [24]. In this context, gel-based
cell suspension bioprinting has also been employed into
generating vascular constructs with similar end results [25].
Better still, gel-based cell suspension bioprinting has
shown to be a more straightforward process than cellular
aggregate bioprinting since it does not require the laborious
stage of preparing cellular aggregates by means of pro-
cesses such as the hanging drop strategy. Through this
simplified method, cells can be grown in standard culture
flasks, quickly suspended in a gel and bioprinted right
away. Furthermore, gels can also be easily combined with
extra components such as i.e. drugs [26] or hydroxyapatite

(a) single cell models

(b) Cellular aggregate models
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(d) Biofabricated models
combining cells and materials
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particles [27] in order to promote the formation of specific
tissues as well as improve the mechanical properties of
bioprinted constructs.

More recently, gels have also been employed in a dif-
ferent and somewhat original bioprinting strategy for
generating vascular structures contained within two other
bioprinted tissue types. In a study by Kolesly et al. [28],
two different gel-based cellular suspensions and one sac-
rificial (fugitive) gel were first sequentially printed on top
of each other within a casting chamber which was then
filled with a GeIMA gel. After crosslinking of the GeIMA
by ultraviolet exposure, the environmental temperature was
reduced resulting in the liquification of the fugitive gel
which could then be removed by aspiration. The resulting
channels which were left engraved within the complex gel
structure were then perfused with human umbilical vein
endothelial cells (HUVEC) which attached to the channel’s
walls resulting in the vascularization of the complex bio-
printed construct. This process of generating perfusable
channels within tissue engineered constructs by utilizing
3D printed sacrificial materials was also employed before
in a study by Miller et al. [29] where a gel containing
suspended cells was casted over a 3D printed carbohydrate
glass structure. After crosslinking of the casted gel, the
carbohydrate structure was dissolved leaving behind a
channel network which could be further perfused with
HUVEC which attached to the channel walls.

5 Biofabricated constructs combining cells
and materials
The printing of constructs combining cells and materials is

the most common type of biofabrication in the field of
tissue engineering and regenerative medicine (Fig. 1d).
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This tendency is mainly inherited from the typically em-
ployed tissue engineering strategy of utilizing scaffold
structures onto which cells are seeded and cultured until
generating a tissue construct [30]. Along with many other
processing techniques, additive manufacturing is able to
produce such tissue engineering scaffolds but with the
added advantage of being able to closely replicate the
anatomical structures of tissues to be repaired to a high
degree of complexity [31]. Given that in this strategy ad-
ditive manufacturing is solely utilized for fabricating
scaffolds composed of polymeric or composite materials it
becomes therefore possible to generate structures with
much better mechanical properties which can be applied to
the regeneration of load-bearing tissues such as bone [32].
The main technologies employed in this strategy are fused
deposition modelling (FDM) and selective laser sintering
(SLS). Both of these technologies rely on the fusion of
thermoplastic polymers or blends which are deposited in a
layer-over-layer process either in the form of filaments
extruded from a heated nozzle in the case of FDM [33] or
in the form of powder which is selectively fused together
by means of directed laser radiation in the case of SLS
[34]. Another technology worth mentioning is melt elec-
trospinning which operates in a similar way to FDM but
which is able to generate filaments with smaller diameters
due to the action of a strong electrical field which stretches
the fused polymer filament as it is being extruded from the
heated nozzle and deposited onto the deposition surface
[35]. Melt electrospinning has been shown to enable the
generation of highly organized three-dimensional struc-
tures according to pre-determined architectures by de-
positing the fused polymer onto a numerically controlled
XY-moving stage under closely controlled conditions [36,
37]. Furthermore, melt electrospun structures can also be
combined with other structures produced through
methodologies such as FDM in order to generate complex
scaffolds which are able to accommodate various types of
cells/tissues in separate compartments of one single scaf-
fold [38].

Combinations of multiple materials possessing various
types of three-dimensional architectures can themselves also
be screened in a high throughput manner for their ability to
interact with cells and support their development into tissue
substitutes [39—45]. Additive manufacturing can also be
further employed to manufacture not only the scaffolds but
as well the culture chambers where the cell/scaffold con-
structs are cultured [46]. By moving the design of both
scaffold and culture chamber to a digital dimension and
afterwards having the scaffold/chamber device manufac-
tured by a single highly automated, standardized and precise
machine (in this case a 3D printer) it becomes possible to
achieve a higher level of reproducibility since the various
manufacturing and culturing steps prone to generate
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variability in typical tissue engineering processes are simply
eliminated. The superior mechanical properties of materials
printed through technologies such as FDM and SLS also
allow to generate structures with sufficient dimensional
stability to withstand in vivo implantation. An additively
manufactured device developed by Higuera et al. is currently
utilized for screening combinations of cells and biomaterials
for their tissue regeneration potential in a high throughput
manner while implanted in vivo [47]. Up to 36 different
conditions have been tested simultaneously in this small
device while implanted subcutaneously in one single mouse
model. Finally, material-based biofabrication has also re-
cently been performed directly into defects of living animals
establishing a precedent for the adoption of computer-as-
sisted biofabrication-based medical interventions. In a very
innovative work by Keriquel et al. [48] a laser-based 3D
printing device was employed into the in situ fabrication of a
3D scaffold within a critical size calvarial defect of an
anesthetized mouse. It was shown that the utilized laser
printing procedure did not provoke any harmful effects on
the mice’s brain and that the in vivo-printed scaffold com-
posed of hydroxyapatite was well integrated into the defect
site enabling the formation of new bone tissue. A future
alternative to the utilization of laser printing in such an in situ
strategy could be extrusion-based 3D printing of known
osteoinductive in situ-setting cements such as calcium
phosphate [49, 50]. Another alternative methodology for
in situ fabrication of scaffolds recently suggested by Lieb-
schner et al. [51] has been the fabrication of Lego-like
building blocks possessing optimal biological and me-
chanical functionality which can be rapidly assembled in the
operating room using robotic technology.

6 Future perspectives

The utilization of biofabricated constructs is already a re-
ality mainly in generating simplified tissue/organ models.
However, novel biofabrication technologies and method-
ologies are expected in the future to enable the generation
of fully functional organs which apart from being the
perfect models will also enable the replacement of dam-
aged native organs. Currently existing biofabrication
technologies are already equipped with advanced compo-
nents able to three-dimensionally move and position cells
and materials with extremely high levels of accuracy and
precision. The next step for achieving an even greater de-
gree of accuracy and precision in building tissue engi-
neered constructs is now mostly related with the properties
of bioinks (composed of cells and/or materials) which need
to be optimized in order to be more accurately and pre-
cisely handled by biofabrication technologies. A major
hurdle preventing the biofabrication of complex fully



J Mater Sci: Mater Med (2015) 26:156

Page 5 of 6 156

functional tissues/organs is still mainly related with the
ability to combine multiple types of cells into complex
architectures within large tissue/organ constructs. In par-
ticular, the generation of full vascular structures within
biofabricated tissues and organs will be crucial to main-
taining such constructs alive and to allowing their full in-
tegration into the host. In the same way, by integrating
these organ-like constructs into advanced artificial life
support systems (bioreactors) it will become possible to
closely study and resolve medical conditions and diseases
before they even take place in patients. In case of an al-
ready existing medical condition or disease taking place, a
high level of optimization and personalization of the
treatment will become possible by manufacturing multiple
copies of the afflicted tissues/organs for pre-testing. The
future potential of bioprinting is immense and will allow to
significantly improve the quality of life and life expectancy
of humans.

7 Conclusions

This review provided a brief outlook onto the utilization of
biofabricated constructs as models for studying tissues and
organs. Even though the greatly expected biofabrication of
whole organs has not yet been achieved, biofabrication is
already changing the way how tissues and organs are
studied by providing reliable constructs with increasing
complexity and resemblance to native tissues and organs.
The biofabrication processes which allow to generate such
constructs are reaching higher levels of reproducibility due
to the increasingly higher levels of automation employed.
Such automation has also been crucial into making high
throughput screening processes simpler, easier, faster and
less expensive, both in vitro and in vivo. By doing so, the
interaction of cells and tissues with elements such as novel
materials is becoming better understood, which in turn also
further advances biofabrication technologies by enabling
the discovery of novel material/cell bioinks. Lastly, bio-
fabrication has been as well enabling the integration of
multiple laborious and repetitive processes into small and
automated devices which permit allocating valuable re-
search and development human resources to more intel-
lectually demanding tasks.
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