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1. Introduction

Our ability to understand the formation, function, and
pathology of tissues/organs often depends on studies per-
formed on two-dimensional (2D) cell-culture or animal
models. However, a drawback of 2D cell-culture studies is
that cells grown in such culture substrates can differ
substantially in their morphology, cell–cell and cell–matrix
interactions, and differentiation from those growing in more
physiological three-dimensional (3D) environments.[1–4]

Although animal models frequently provide definitive tests
of the importance of specific molecules and processes, there
have been inconsistencies between conclusions drawn from
studies related to gene ablation and chemogenomics.[5] The
main concern with using animal models for drug discovery is
that they are unpredictable.[6] For example, around 50% of
the drugs that pass preclinical testing may turn out to be toxic
for humans and some drugs may in fact be nontoxic for
humans even if they fail in animals.[7] This causes rejection of
potentially important drugs even before they reach clinical
trials. Furthermore, animal models are often ineffective in
reproducing features of human tissues, for example, human
tumors, autoimmune diseases, and drug therapeutic/toxic
responses.[8, 9] The main reason behind this is likely the
difference in the evolution of two complex systems, for
example, mouse and human, and hence responses to pertur-
bations such as disease and drugs can give rise to substantially
different clinical/physiological endpoints.[10, 11]

In vitro 3D tissue models provide an excellent alternative
to traditional 2D cell cultures and animal testing.[3, 12] These
models satisfy the need for reductionist approaches to
understand in vivo molecular mechanisms.[13] Furthermore,
the powerful current cell and molecular biology methods can
often be applied to 3D tissue models. An increasing use of 3D
models that mimic specific tissues could promote advances in
understanding tissue morphogenesis and also facilitate the
screening of new therapeutics. In fact, in vitro 3D tissue

models can better represent the spatial and chemical com-
plexity of living tissues than their 2D counterparts.[14] More-
over, these models have been shown to be useful for studying
the molecular basis of tissue function and better capture
signaling pathways and drug responsiveness compared to 2D
cultures.[15–17]

However, most of the 3D tissue models lack multiscale
architecture and tissue–tissue interfaces, such as the interface
between the vascular endothelium and surrounding connec-
tive tissue and parenchymal cells,[18] which are vital to the
function of nearly all organs. Furthermore, the cells in most
current models are generally devoid of any exposure to fluid
mechanical cues, such as fluid shear stress, tension, and
compression, which are crucial for organ development and
function in health and disease.[18–20] Microfluidic organs on
chips offer the possibility of overcoming many of these
limitations by providing cell-culture devices that contain
continuously perfused chambers inhabited by living cells
arranged to simulate a part of the tissue or organ functions.[18]

However, they are unable to create the complex multiscale
architecture because of their planar fabrication technique.
Hence, such models mostly concentrate on simulating the
basic function of the respective tissue.

3D bioprinting is an approach that can be used for printing
millimeter- to centimeter-sized biological constructs, includ-
ing several cell types, biomolecules, and biomaterials simul-

In vitro tissue/organ models are useful platforms that can facilitate
systematic, repetitive, and quantitative investigations of drugs/chem-
icals. The primary objective when developing tissue/organ models is to
reproduce physiologically relevant functions that typically require
complex culture systems. Bioprinting offers exciting prospects for
constructing 3D tissue/organ models, as it enables the reproducible,
automated production of complex living tissues. Bioprinted tissues/
organs may prove useful for screening novel compounds or predicting
toxicity, as the spatial and chemical complexity inherent to native
tissues/organs can be recreated. In this Review, we highlight the
importance of developing 3D in vitro tissue/organ models by 3D
bioprinting techniques, characterization of these models for evaluating
their resemblance to native tissue, and their application in the priori-
tization of lead candidates, toxicity testing, and as disease/tumor
models.
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taneously.[21] This technique can be utilized for making
realistic 3D tissue or organ models, as it is capable of
mimicking the actual cellular arrangement of a tissue or organ
while constructing the 3D structure.[22] Cells can be placed
with high precision throughout the construct, including
simultaneously placing several cell types next to one another
at targeted locations.[22]

Creating in vitro 3D tissue models of human cells that
mimic specific in vivo behavior can help to enable more
accurate prediction of therapeutic/toxic responses as well as
decreasing the cost of drug discovery. Furthermore, in vitro
disease/cancer models can be developed by fabricating
constructs with diseased or dysfunctional human cells for
studying tissue pathology or testing new therapeutics.[23]

This Review focuses on general principles, ideas, and
methods pertaining to the application of 3D bioprinting
technologies for generating realistic in vitro 3D tissue models.
We present recent examples that were chosen to illustrate key
concepts. We also discuss exciting opportunities of 3D
bioprinting technologies for further fundamental and trans-
lational research on realistic tissue and cancer models,
toxicological studies, and physiological models.

2. Recent In Vitro Tissue/Organ Models

In the last decade, the use of in vitro 3D models has
increased significantly as a result of the development of new
enabling technologies and tightening controls on the use of
animals for scientific experimentation.[24–28] Recent develop-
ments in tissue bioengineering can offer great promise for the
development of novel 3D tissue models for preclinical drug
testing, toxicological studies, and as physiological models.

Several culture systems have been developed over the
years, starting from 2D cultures, cultures on hydrogel
membranes, sandwich cultures, to 3D cultures for the in vitro
evaluation of drugs/chemicals (Figure 1). For example, cul-
tures of primary cells such as hepatocytes on 2D plates have
routinely been used for drug screening for many years.[29,30]

However, the primary cells undergo changes in cell morphol-
ogy, structure, polarity, gene expression, and lose their tissue-
specific functions during culture on flat surfaces.[31] This
process is referred to as de-differentiation, which is a biolog-

ical phenomenon whereby differentiated cells regress from
a specialized function.[32] Hence, they can only be used for
a limited time.

To mimic the interaction between cells and extracellular
matrix (ECM), mammary epithelial cells have been cultured
on floating collagen membranes,[33] which leads to the
production of milk protein.[34,35] Primary human breast
carcinoma cells are difficult to establish in cultures on 2D
surfaces, whereas a reconstituted basement membrane (BM)
can be used to culture all normal human breast epithelial cells
and a subset of human breast carcinoma cells.[36] The 3D
reconstituted BM cultures allow distinction between malig-
nant and normal mammary epithelial cells (MECs) by virtue
of the ability of normal cells to re-express a structurally and
functionally differentiated phenotype within the BM.[36]

To maintain tissue-specific functionality over relatively
long culture periods, a sandwich culture has been explored in
which primary cells such as hepatocytes are placed in between
two layers of a matrix (traditionally collagen or Matrigel).[37]

Despite the many attributes of the sandwich culture tech-
nique, the expression of genes responsible for many liver-
specific functions decreases over time (90 h).[38]

A number of 3D culture models have been developed that
enable the organization of cells, thereby allowing them to
polarize and interact with neighboring cells.[39, 40] These
models offer great potential for studying the basic mecha-
nisms of tissue/organ physiology and pathophysiology. They
are principally suitable for studying biological phenomena
that depend on tissue microarchitecture and typically need
3D structure.[40] Such 3D models can take many forms,
including cells randomly interspersed in a matrix or clustered
in self-assembling cellular microstructures known as organo-
ids.[16, 17, 41] A hydrogel with an inverted colloidal crystal
scaffold has also been employed to culture tissue-like 3D
structures.[42] Coculture systems have been developed for
primary cells with other supporting cell types that result in
enhanced viability and functionality of the primary cells
under in vitro conditions. For example, hepatocytes have been
cultured with fibroblast and endothelial cells to have
enhanced viability of the former cell type.[43–47] However,
lack of multiscale architecture, missing structural hierarchy,
absence of exposure to fluid mechanical cues, and long-term
culture conditions are the main drawbacks of these in vitro
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models. Recent developments in in vitro 3D models are
reviewed in Refs. [40,48].

Drawbacks of recent tissue/organ models
* Multistep fabrication methods
* Limited cell viability and functionality
* Missing complex and hierarchical tissue structure
* Absence of a specific ECM environment
* Missing 3D structure in the case of biochips
* Large variation in results obtained from animal studies
* Incapability of animal models to reproduce features of

human tissues and organs
* Unpredictable and false-positive or false-negative results

from animal testing
* Tightening controls on use of animals for scientific

experimentation

In recent times, microfluidic biochips have rapidly
become one of the most popular tools for the in vitro
modeling of tissue, as microfabrication provides a level of
precision and control that cannot be achieved with other
techniques.[49–52] Recent developments in microfluidic bio-
chips have been reviewed in Refs. [18,53]. However, such
biochips mainly focus on the generation of cellular-level
architecture, generally mimicking only part of the tissue
structure but not that of the whole complex tissue or organ.
For example, current liver-on-chip models typically consider
the creation of an acinus-mimicking structure for generating
a concentration gradient across the acinus,[54] however,
a multiple lobule-mimicking 3D microliver would facilitate
better creation of liver zonation and prediction of zone-
dependent toxicity. The creation of multiple lobule-mimick-

ing 3D microliver structure is challenging with the planar
fabrication techniques used for generating microfluidics chips.
There is a great need to expand the designed microenviron-
ments produced with planar fabrication into the third
dimension to generate realistic tissue/organ models.[55]

3. 3D Bioprinting of Tissue/Organ Constructs

3.1. Fabrication Strategies/Working Principles

The concept of bioprinting is essentially an extension of
additive manufacturing techniques used to build complex
tissue constructs through a layer-by-layer process.[55] Basically,
the process can be divided into three steps:[56, 57] A) prepro-
cessing for preparation of the bio-ink, including generation of
the computer-aided design (CAD) “blueprint”; B) the proc-
essing step, which typically involves the printing of the 3D
structure; and C) postprocessing, where the printed construct
is cultured in a bioreactor. The postprocessing step is
essentially included to induce maturation of the printed
construct and transformation into a functional tissue.

Requirements for fabricating biological tissues and organs
have been summarized by various groups.[57–62] However,
disagreement exists regarding the resolution and organization
required on a microscale. Some researchers believe that
biological tissues should be generated with the highest
resolution possible to mimic the functions and behavior of
cells in in vitro 3D environments and control over the 3D
architecture and inner composition is essential,[58] whereas
others have suggested that merely printing cellular aggregates
allows cells to organize themselves to form tissues, as they

Figure 1. Evolution of cell-culture models. 2D cell cultures have been used for many years and is still being used for simple cell-based assays.
Membrane and sandwich cultures were later developed. Hydrogels are usually used for cell encapsulation to culture cells in three dimensions.
Spheroid cultures are used as a scaffold-free culture where cell–cell interactions are predominant. 3D scaffolds, either salt-leached or fibrous, are
produced by various techniques, and cells are generally seeded on them. The advent of 3D printing encouraged the fabrication of complex
structures in a reproducible manner, with control over their architecture and geometry. However, cells are still seeded on the scaffolds after
fabrication. 3D bioprinting technology, whereby cells can be included in the printing process, enables the fabrication of cell-laden constructs.
Interestingly, the cellular microenvironment can be modulated with these techniques. To date, 3D bioprinting is the most sophisticated technique
to make tissue/organ constructs. Some images were reproduced from Refs. [106,111] with permission.
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have organizational capacities. For example, endothelial cells
(ECs) form tubular structures when optimal external con-
ditions are provided.[63]

Based on the working principle/strategy, the 3D bioprint-
ing technologies can primarily be classified into three
categories,[64–66] inkjet-based, laser-assisted, and extrusion-
based bioprinting (Figure 2).

3.1.1. Laser-Assisted Bioprinting

Laser-assisted bioprinting (LaB) utilizes a pulsed laser
source, an absorption layer, and a substrate to directly
position multiple cells and biological components onto an
arbitrary surface by using laser beams to print living tissues or
organs (Figure 2A).[67] Prior to laser exposure, the absorption
layer, which is transparent to the laser radiation wavelength,
is coated with biological materials (bio-ink) that encapsulate
the living cells and/or proteins. A focused laser beam is then
exposed on the absorption layer to transfer heat and eject the
cell suspension toward the substrate.[55] The absorption layer
plays an important role in preventing direct interaction
between the laser and biological materials. LaB is capable
of printing small volumes of cell suspension with high
resolution.[68] The printed droplet volume could be controlled
from 10 to 7000 pL by adjusting the viscosity and thickness of
the bio-ink layer. Furthermore, printing of high cell densities
and highly viscous hydrogels is possible with LaB, whereas
this is more challenging in inkjet printing.[69]

Recently, LaB has been used widely to print various tissue
constructs.[67, 70,71] Bone regeneration was attempted by print-
ing human osteoprogenitors with nanohydroxyapatite, which
is an inorganic component of bone.[67] For skin regeneration,
keratinocytes and fibroblasts encapsulated in collagen were

printed according to the native cellular arrangement of
skin.[70] The potential for LaB in adipogenesis has also been
demonstrated by printing undifferentiated stem cells derived
from human adipose that could differentiate into adipogenic
lineages.[71] However, the limited availability of photocurable
materials and cytotoxicity from UV exposure are the primary
concerns.[22]

3.1.2. Inkjet-Based Bioprinting

Inkjet-based bioprinting is a promising biofabrication
approach.[72] This is a noncontact technique that prints the 3D
constructs layer by layer by depositing ink drops on successive
layers (Figure 2B). This technique provides a useful method
for depositing multiple cells[73, 74] or proteins[75–77] in very small
droplets onto a targeted spatial position. It offers many
advantages, including high-throughput capability, high reso-
lution, inexpensiveness, reproducibility, and ease of use.[78] In
particular, commercially available inkjet printers can be easily
modified for printing cells and biomolecules.[79–81] In fact,
Boland and co-workers demonstrated that Chinese hamster
ovary and embryonic motor neuron cells can be printed onto
various hydrogel substrates by using a modified Hewlett
Packard printer.[79] Nakamura and co-workers applied inkjet
technology to print simple cell-supporting structures in the
shape of fibers, sheets (with one or more layers), and 3D
tubes.[82] Researchers at the Wake Forest Institute for
Regenerative Medicine have developed modified ink-jet
technology to build a variety of tissue and organ prototypes
by arranging multiple cell types and other tissue components
in predetermined locations with high precision.[83] The effect
of the printing conditions, including substrate stiffness,[84]

surfactant concentration, and agitation, on printed cells has
also been investigated.[85] It has
been shown that the substrate
onto which the cell droplet is
deposited should be soft enough
to absorb the kinetic energy of
droplets so that the impact force on
the cells is reduced substantially.[84]

Furthermore, the addition of a sur-
factant was shown to improve the
reliability of droplet formation,
and gentle agitation could avoid
sedimentation and aggregation of
cells in the reservoir.[85]

3.1.3. Extrusion-Based Bioprinting

Extrusion-based bioprinting
technologies allow the printing of
living cells onto target-specific
positions while encapsulating
them in a hydrogel. To date, extru-
sion-based bioprinting technolo-
gies, comprising a syringe, nozzle,
and pressure system, seem to be
the most promising approach for
generating 3D tissue or organ con-

Figure 2. The three approaches to bioprinting: A) laser-assisted, B) inkjet-based, and C) extrusion-
based. Adapted from Ref. [86] with permission. The bioprinted tissue types: D) skin, by laser cell
printing (seven alternating layers of red and green keratinocytes with each layer consisting of four
printed sublayers; scale bar 500 mm), E) branched vasculature, by inkjet printing, and F) heart aortic
valve, by extrusion bioprinting. Reproduced from Ref. [70] with permission.
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structs of clinically relevant size and shape (Figure 2C).[55]

Prior to printing with this technique, cells or proteins are
encapsulated in a hydrogel and loaded into sterilized syringes
with a micronozzle. The cell-laden hydrogel or cell spheroids
are then dispensed by air pressure or a motorized plunger
onto the substrate according to a customized design. There
are many reports detailing various extrusion-based 3D tissue-
printing systems, for example, the Novogen MMX Bioprinter
(Organovo, Inc., San Diego, CA, USA),[87] the Bioplotter
(Envision TEC GmbH, Gladbeck, Germany),[21, 88, 89] a 3D
printer (Fab@Home, Cornell University, Ithaca, NY, USA),[90]

a direct cell-writing system (laboratory of Prof. Sun, Drexel
University, Philadelphia, PA, USA),[91] and a multihead
tissue/organ building system (MtoBS; laboratory of Prof.
Cho, POSTECH, Pohang, Korea).[92] The printing of various
kinds of tissue constructs have been attempted by using these
3D bioprinting systems.[21, 92,93]

3.2. Key Attributes

There are three key attributes for 3D bioprinting:
biomimicry, tissue liquidity, and modular building blocks.
These are essential for achieving realistic 3D tissue models.

3.2.1 Biomimicry

3D bioprinting attempts to reproduce the cellular and
extracellular components of a tissue or organ.[94] This can be
accomplished by reproducing specific cellular functional
components of tissues, for example, by mimicking the lobular
structure of the liver or engineering physiologically accurate
biomaterials and gradients. Nevertheless, for the successful
reproduction of biological tissues on the microscale, an
understanding of the microenvironment, including the spe-
cific organization and hierarchy of functional and supporting
cell types, gradients of soluble or insoluble factors, composi-
tion of the ECM, as well as the nature of the biological forces
in the microenvironment, is needed.[58] Development of this
knowledge base is crucial for the success of this approach and
can benefit from basic research in the fields of biomaterials,
cell biology, biophysics, imaging, engineering, and medicine.

3.2.2. Tissue Liquidity

Cells have organizational abilities. Thus, after printing
cellular aggregates, they can organize themselves to form
tissues. Organ development in embryos often serves as
a guide for replicating biological tissues by 3D bioprinting.
Based on this approach, the 3D printing of self-assembling
cellular spheroids was attempted that undergo fusion and
cellular organization to mimic developing tissues, for exam-
ple, epithelium cells (ECs) form tubular structures when
optimal external conditions are provided.[56] Autonomous
self-assembly, such as that broadly observed throughout
embryonic development, relies on the cell as the primary
driver of histogenesis, directing the structure, composition,
localization, function, and properties of the tissue.[22]

3.2.3. Modular Building Blocks

Organs and tissues comprise smaller, functional building
blocks.[63] These can be defined as the smallest structural and
functional component of a tissue, such as a liver lobule. These
building blocks can be fabricated in modules and assembled
into larger constructs by rational design, self-assembly, or
a combination of both.[95] 3D bioprinting techniques can be
used to print these modules and assemble them into 3D
functional living structures; for example, multicellular sphe-
roids have been assembled with the aid of ECM-mimicking
hydrogels.[96,97]

3.3. Materials for 3D Bioprinting

The bioprinting of tissue constructs often involves the use
of materials with well-defined properties as a vehicle for cell
loading. Hence, material engineering can be used to modulate
cell–biomaterial interactions. However, the main function of
bioprintable materials is not only management of specific
interactions with a cell or tissue, but also to provide
scaffolding for tissue formation.[98,99] Therefore, two classes
of materials are commonly used for 3D bioprinting. The first
class is curable polymers, which can be extruded by a thermal
process and are often used for scaffolding purposes.[92,100–103]

Cells are seeded after printing on these scaffolds so that cells
grow within to generate tissue constructs or used as it is for
implantation (Figure 3).[104] The second class comprises mate-
rials that store a large amount of water (up to > 99 %) and
provide a favorable environment for the cells.[55] Hydrogels
belong to this class, and are used to encapsulate living cells.
Cell-laden hydrogels are typically called “bio-ink” and may
also contain other components, such as drugs[105] or biomol-
ecules.[106] Hydrogels that solidify through thermal processes,
photo-cross-linking, or ionic/chemical cross-linking may be
used to make bio-inks.[89, 107–115] Various key properties such as
concentration, molecular weight, viscosity, gelation kinetics,
and stiffness are important determinants when choosing
a hydrogel for 3D bioprinting. For comprehensive reviews
on the properties of hydrogels for bioprinting, see
Refs. [55,86].

Typically, an excess of hydrogel relative to cells is required
to maintain the structural stability of the bioprinted con-
structs. However, the concentration of cells in the bio-ink can
have an impact on the degree of cell–cell interactions in the
resultant 3D structure, and a high cell density (107–
108 cells mL¢1)[116] is needed for that. Hence, a fine balance
between the hydrogel concentration and cellular density to
serve both purposes is often required.[55] Furthermore, cells
produce and deposit the tissue ECM—a process that often
depends on the cellular microenvironment.[117] The composi-
tion of the bio-ink may play a vital role to boost the
production of tissue-specific ECM. Self-assembling cellular
spheroids may produce an ECM environment best suited for
their own function.[63] However, the bioprinting of cellular
spheroids is challenging given the fact that their viability,
biosynthetic ability, and nutritional requirement need to be
maintained.[62] Besides printing tissue constructs with hydro-
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gels, co-manufacturing solid, curable materials (e.g., thermo-
plastics such as PCL, PLA, and PLGA) with cell-laden
hydrogels has also been used for bioprinting to combine
favorable mechanical properties with distribution of cells at
defined locations with high cell densities (Figure 3).[118]

Frequently, specific biologically active components have
been incorporated into the matrix materials for improved cell
adhesion, enhanced cell proliferation, or differentia-
tion.[119, 120] For example, ECM proteins bind to soluble
growth factors and regulate their distribution, activation,
and presentation to cells.[121] The spatial distribution of
proteins provides biochemical cues to direct the organized
formation of tissue.[122] Proper consideration of the spatial and
temporal aspects of the exogenous delivery of such signals are
needed to guide tissue remodeling.[121]

To mimic the exact composition, tissue-specific ECM that
could foster particular tissue formation can be used for 3D
bioprinting.[110] Cell–ECM interactions are extremely com-
plex in nature, and consequently there is a need for a tissue-
specific approach to create the native setting for stem cells.
Recent studies have validated this tissue-specific approach,
with enhanced functions[123] and intricate tissue formation
evident[124, 125] when site-specific ECM scaffolds were
employed. In a recent study, decellularized ECM (dECM)
from different tissues has been used to make bio-inks for 3D
bioprinting.[110] Increased differentiation of stem cells and
tissue formation was observed toward either an adipogenic
lineage within dECM from fat tissue or a chondrogenic
lineage within cartilage dECM. Furthermore, enhanced
structural maturation of myoblasts was observed in constructs
prepared with dECM from heart tissue.[110]

3.4. 3D Bioprinted Tissue/Organ Models

3D bioprinting has been applied to the development of
several types of tissues and organs by using different cell types

and materials (Table 1). While
some of the studies have presented
only proof-of-concept principles,
a few advanced studies clearly
demonstrated the potential of this
technique for the development of
tissue models.

3.4.1. Bioprinted Skin

The potential of inkjet 3D bio-
printing for engineering skin tissue
has been demonstrated by using
keratinocytes and fibroblasts as
constituent cells to represent the
epidermis and dermis, respectively,
and collagen to represent the
dermal matrix of the skin.[127] His-
tology and immunofluorescence
characterization showed that the
3D printed skin tissue was mor-
phologically and biologically sim-

ilar to native human skin. In another study, a laser-assisted
bioprinting technique was used to create a fully cellularized
skin substitute by positioning fibroblasts and keratinocytes on
top of a stabilizing matrix (Matriderm).[128] The printed
keratinocytes began to differentiate and formed a multilay-
ered epidermis and a stratum corneum when cultivated at the
air–liquid interface. Some of the printed fibroblasts stayed on
top of the underlying Matriderm where they produced
collagen, whereas the rest migrated into the Matriderm. A
laser-induced forward-transfer (LIFT) technique has been
used to print skin cell lines (fibroblasts/keratinocytes) and
human mesenchymal stem cells (hMSC) for regeneration of
human skin without any deleterious effect on cells.[129]

3.4.2. Bioprinted Vasculature

Special attention has been given to the printing of vascular
structures because of their unique role in delivering nutrients
and oxygen to, and removing metabolic residues from, tissue
constructs, which could thus enable the generation of larger
and more complex tissues and organs.[130] Cell-loaded gel-
based bioprinting has been employed to generate vascular
constructs by using extrusion-based bioprinters.[131] More
recently, two different gel-based cellular suspensions and
one sacrificial (fugitive) gel were printed sequentially on top
of each other within a casting chamber subsequently filled
with a GelMA gel.[132] After cross-linking of the GelMA by
exposure to ultraviolet light, the temperature of the environ-
ment was reduced to liquefy the fugitive gel so that it could be
removed by aspiration. The resulting channels engraved
within the complex gel structure were then perfused with
human umbilical vein endothelial cells (HUVECs), which
attached to the channel walls, thereby resulting in vasculari-
zation of the complex bioprinted construct. This process of
generating perfusable channels within tissue-engineered con-
structs by utilizing 3D-printed sacrificial materials was also
employed earlier on to generate a gel containing suspended

Figure 3. Bioprinting of scaffolds and hydrogels as well as co-printing of the scaffold and hydrogel.
The computer-generated models and their corresponding printed structures of poly(propylene
fumarate) scaffolds (left column), silk fibroin-gelatin hydrogel constructs (middle column), and
polycaprolactone-decellularized extracellular matrix constructs (right column). Scale bar, 5 mm.
Reproduced from Refs. [104,115,126] with permission.
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cells cast over a 3D-printed carbohydrate glass structure.[133]

After cross-linking of the cast gel, the carbohydrate structure
was dissolved, thereby leaving behind a channel network that
could be further perfused with HUVECs to attach them to the
channel walls. The printing of blood vessels was also
demonstrated by directly dispensing spheroids of smooth
muscle cells and fibroblasts in a supportive agarose gel.[93]

3.4.3. Bioprinted Liver

Bioprinting functional perfusable hepatic constructs is still
in its infancy. However, 3D bioprinting techniques have been

explored for developing hepatic constructs with limited
function.[134, 135] Metabolically active 3D hepatic tissue has
been printed using the NovoGen MMX Bioprinter (Orga-
novo Holdings, Inc., San Diego, CA, USA).[136] An increased
liver-specific function of the tissue (for up to 135 h) compared
with matched 2D cell cultures was demonstrated. Further-
more, compartment-specific organization was shown for
hepatocytes, hepatic stellate cells, and ECs by rudimentary
microanatomy. The extrusion-based bioprinting technique
was used to print alginate-encapsulated HepG2 cells, growth
factors, and scaffolding materials in an organized 3D archi-
tecture.[137] These microlivers were dynamically microper-

Table 1: Examples of 3D bioprinted tissues and organs.

Tissue type Materials Cross-
linking
method

Cells Bioprinting
technology

Experiments per-
formed

Important findings Ref.

skin collagen type I for
cell encapsulation
and Matriderm was
used as a stabiliza-
tion matrix

thermal fibroblasts and
keratinocytes

laser-assisted in vivo by placing
printed constricts into
full-thickness skin
wounds in nude mice,
histology and immu-
nofluorescence charac-
terization

formation of skin tissue,
mainly epidermis with
sprouting blood vessels from
wound bed towards printed
cells

[121]

brain microvas-
culature

collagen type I thermal mouse brain
endothelial
cells (bEnd.3)

extrusion-
based for
printing
frame

transendothelial per-
meability assay and
disruption of barrier
function with mannitol,
immunofluorescence
staining

formation of engineered
brain microvasculature with
barrier function

[172]

liver – – primary hepa-
tocytes, endo-
thelial and
hepatic stellate
cells

inkjet-based biochemical studies
including cytochro-
me P450 activity,
tight junction protein
expression

multicellular 3D liver con-
structs in a multi-well format,
increased liver specific func-
tion of the tissue for up to
135 h

[130]

osteochondral acrylated peptides
and acrylated poly-
(ethylene glycol)
(PEG)

UV-
induced

bone marrow
derived human
mesenchymal
stem cells
(hMSCs)

inkjet-based evaluation of cell via-
bility and biochemical
analysis of mineral and
matrix deposition

mineral and cartilage matrix
deposition with the bio-
printed bone and cartilage
with increased mechanical
properties

[132]

cardiac alginate ionic human cardiac
derived cardio-
myocyte pro-
genitor cells
(hCMPCs)

extrusion-
based

evaluation of cell via-
bility and expression of
cardiac-specific genes

printed cells could migrate
from alginate matrix to
matrigel layer, indicating fea-
sibility of cell delivery from
printed structure

[135]

cornea recombinant human
collagen type III and
2-methacryloyloxy-
ethyl phosphorylcho-
line (RHCIII-MPC)
and fibronectin as ink

chemical
cross-
linking of
RHCIII-
MPC

human corneal
epithelial cells
(HCECs)

microcontact
printing to
transfer cells
onto RHCIII-
MPC

cell viability and prolif-
eration, as well as
immunohistochemistry

femtosecond laser profiled
cross-linked hydrogel fabri-
cation and microcontact
printing of viable HCECs
according to well-defined
pattern

[137]

ear alginate ionic chondrocytes
from articular
cartilage

extrusion-
based

cell viability, biome-
chanical, and electrical
characterization

3D printed bionic ear with
intertwined conducting poly-
mer possessing both biologic
and nanoelectronic function-
alities

[138]

adipose decellurized adipose
tissue matrix

thermal human adi-
pose derived
stem cells

extrusion-
based

cell viability, gene
expression, immuno-
staining, in vivo study
on mouse model for
adipose tissue regener-
ation

3D bioprinted constructs
supported volume stabilized,
vascularized adipose tissue
regeneration

[142]
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fused to mimic an in vivo condition to study drug metabolism.
Furthermore, this system was also utilized to perform as
a model for a radioprotection study on liver cells.[23]

3.4.4. Bioprinted Bone and Cartilage

Inkjet bioprinting has been used to print bone constructs
by the co-printing of acrylated peptides and acrylated
poly(ethylene glycol) with marrow-derived human mesen-
chymal stem cells (hMSCs).[138] The bioprinted and differ-
entiated bone and cartilage tissue demonstrated excellent
separation of mineral and cartilage matrix as well as
significantly increased mechanical properties. Additionally,
the stiffness and structure of 3D-printed hydrogels have been
shown to direct the differentiation of mesenchymal stromal
cells toward adipogenic and osteogenic lineages.[139] The
bioprinting of bone tissue has been attempted by dispensing
bone-marrow stem cells (BMSCs) with various hydrogels
(such as alginate, agarose, Matrigel, and Lutrol F127) by a 3D
Bioplotter.[21] The printed BMSCs were shown to be viable
within the printed constructs. A mechanically enhanced 3D
bioprinted construct containing two different cell types has
also been fabricated for osteochondral tissue regeneration.[100]

In this study, thermoplastic polycaprolactone (PCL) was used
as a framework to enhance the mechanical stability of the
bioprinted construct. Alginate solutions containing either
osteoblasts or chondrocytes were infused into a previously
prepared framework consisting of PCL to create the 3D
construct for osteochondral printing. A proof-of-concept for
printing osteochondral tissue comprising cartilage and bone
was developed using MtoBS,[100] which was shown to be
especially promising for printing 3D heterogeneous tissue in
multicellular arrangements. Recently, a whole porcine carti-
lage tissue matrix was used as a bio-ink for printing cartilage
tissue constructs.[110] The 3D bioprinted constructs fabricated
using cartilage-decellularized extracellular matrix (dECM)
bio-ink supported chondrogenic differentiation and matura-
tion of encapsulated stem cells as well as formation of neo
cartilage tissue.

3.4.5. Bioprinted Cardiac Tissue

A simultaneous 3D bioprinting/photo-cross-linking tech-
nique has been utilized to rapidly engineer complex, hetero-
geneous aortic valve scaffolds with native anatomic and
axisymmetric aortic valve geometries (root wall and tri-
leaflets) with inner diameters of 12–22 mm.[140] Scaffolds
seeded with porcine aortic valve interstitial cells (PAVICs)
and cultured for up to 21 days exhibited an elastic modulus
range of 5.3� 0.9 to 74.6� 1.5 kPa. In another study, a human
cardiac derived cardiomyocyte progenitor cell (hCMPC)
loaded alginate gel was used to generate an in vitro cardiac
patch with 92 % cell viability.[141] The bioprinted hCMPCs
retained their commitment for the cardiac lineage and
expressed early cardiac transcription factors Nkx2.5, Gata-4,
and Mef-2c as well as the sarcomeric protein troponin T.

3.4.6. Bioprinted Eye

Computer-aided design has been used to design a sche-
matic model of an eye that can closely simulate the optical
performance of the human eye.[142] 3D printing was utilized to
fabricate the physical model for use in research on fundus
range viewing. In an effort to produce mimics of human
corneas in the laboratory, naturally occurring collagen and
phospholipids have been bioprinted into robust hydrogels
that were laser profiled and patterned to enhance their
potential function as artificial substitutes of donor human
corneas.[143]

3.4.7. Bioprinted Ear

A bionic ear has been developed by 3D bioprinting of
a cell-seeded hydrogel matrix in the anatomic geometry of
a human ear, along with an intertwined conducting polymer
consisting of infused silver nanoparticles.[144] This study
employed in vitro culturing of cartilage tissue around an
inductive coil antenna in the ear, which subsequently enabled
monitoring of inductively coupled signals from cochlea-
shaped electrodes. The printed ear exhibited enhanced
auditory sensing for radio-frequency reception, and comple-
mentary left and right ears were able to listen to stereo audio
music. In another study, 3D bioprinting by a sacrificial layer
process was utilized to generate ear-shaped constructs with
both auricular cartilage and fat tissue.[145, 146] Chondrocytes
and adipocytes differentiated from adipose-derived stromal
cells were encapsulated in separate hydrogels and then
dispensed at particular regions for regeneration of cartilage
and fat tissue, respectively.

3.4.8. Bioprinted Adipose Tissue

In an early attempt to produce adipose tissue constructs,
adipose-derived stem cells (ASCs) and a gelatin/alginate
hydrogel were 3D printed to form cubic 3D constructions
(10 × 10 × 10 mm3).[147] The ASCs were able to grow, prolifer-
ate, and differentiate within these constructions. When basic
fibroblast growth factor (bFGF) was added, cells located on
the scaffold walls differentiated into endothelial-like cells,
whereas cells embedded in the hydrogel differentiated into
adipose-like cells. The integrity of the constructions remained
intact for more than 60 days. Recently, human adipose tissue
matrix has been used as a bio-ink to print adipose tissue
constructs.[110] Adipose tissue constructs produced using the
adipose dECM bio-ink supported adipogenic differentiation
and maturation of encapsulated stem cells as well as the
formation of adipose tissue.[126]

The abovementioned studies could potentially prompt the
development of pharmaceutical or toxicological models to
study the physiology and pathophysiology of particular tissues
and organs.
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4. Multimodal Characterization of In Vitro Tissue/
Organ Models

Characterization of 3D bioprinted tissue/organ constructs
is essential for evaluation of their development and function.
A variety of characterization techniques have been utilized,
such as viability and morphological characterization, bio-
chemical, and biomechanical analysis.

4.1. Viability and Morphology

Cell viability is a critical parameter for the development
of tissue models and is the most basic property that needs to
be investigated (Figure 4A). Common methods to determine
viability involve measurement of the mitochondrial activity
by using the MTT assay or its variants.[148] Although these
assays are often used as surrogates for cell proliferation in
monolayers, they are more suited to establishing viability
when dealing with quiescent/senescent cells or adverse
conditions.[149] Other methods include measuring levels of
calcein AM, which is converted into a fluorescent derivative
by intracellular esterases in live cells, or identification of early
apoptotic cells by using a combination of annexin V and

propidium iodide.[150] However, robust viability assays for 3D
environments are still lacking.[151, 152]

Morphological analysis of bioprinted and matured tissue
constructs are generally carried out through histology and
immunohistochemistry.[153] Both have been used for end-point
analysis following standard steps such as tissue fixation,
drying, slicing, and staining. Various staining methods, such as
hematoxylin and eosin (H&E) or MassonÏs trichrome, are
regularly used for histological analysis. Immunohistochemis-
try (IHC) is more specific and uses antibodies against certain
epitopes for the identification and assessment of the distri-
bution of target features within a tissue section.[154] IHC
remains a vital component of laboratory testing in the
emerging molecular era.[154]

Recently, a map of the human tissue proteome based on
quantitative transcriptomics at a tissue and organ level
combined with protein profiling using microarray-based
IHC was released that showed spatial localization of proteins
down to the single-cell level.[155] This resource, known as the
human protein atlas (HPA), is particularly useful for the
evaluation and validation of tissue and organ models by IHC
as it contains over 13 million tissue-based IHC images, each of
which have been annotated by pathologists for all sample
tissues. Hence, it would be exciting to evaluate the maturation

Figure 4. Representative examples of characterization techniques used for the evaluation of the bioprinted tissue constructs. Assessment of the
viability of printed human cardiac-derived cardiomyocyte progenitor cells (hCMPCs) in an RGD-modified alginate scaffold after one (A) and two
weeks (B) in culture. Evaluation of chondrogenesis within bioprinted cartilage constructs using C) collagen and D) cartilage-derived extracellular
matrix bio-ink by immunofluorescence staining, showing collagen type II staining (COLII, red), cell nuclei (DAPI, blue), and F-actin (green).
E) Stress–strain curve of bioprinted acellular constructs at day 0 and soft tissue models cultured for a different number of days. Reproduced from
Refs. [110,141,159] with permission.
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of bioprinted tissue/organ models by comparing them with
the HPA.

Laser-assisted microdissection (LMD) has been devel-
oped to precisely extract cells of interest from a tissue
specimen in a rapid and efficient manner.[156] Together with
real-time PCR and RT-PCR techniques, it is now feasible to
study genetic alterations, gene expression features, and
proteins in defined cell populations from complex normal
and diseased tissues.[157] Recent progress in automated tissue
analysis (tissomics) has allowed reproducible phenotypical
characterization of histological specimens. Progress in auto-
mated analytics has enabled the acquisition of quantitative
data about tissues previously limited to visual histopathology.
Such reproducible data sets can be statistically correlated and
clustered using bioinformatics. This type of combined
approach supports a system-wide view of biology and could
potentially facilitate developments toward personalized com-
putational diagnoses.[158]

4.2. Biochemical Analysis

A range of biochemical analyses has routinely been used
for the bioprinted tissue models. Among others, genomic and
proteomic analyses are mostly performed for the evaluation
of tissue/organ models, as they provide an opportunity for
hypothesis-free experiments that can yield major insights.[160]

Genomic analysis involves the study of the genetic informa-
tion (DNA, or RNA) of a tissue or organ. Proteomics aims to
elucidate protein expression within a tissue/organ.[161, 162]

Recent genomic and proteomic research has identified
many candidate biomarkers, but independent validation of
these biomarkers is necessary and reproducibility is still a key
concern. Genomic and proteomic screening methods are
often used to identify classes of genes or proteins that are
differentially expressed in different maturation stages of
tissue/organ model development or in vitro disease model
progression.[105, 110, 141,143, 163] Differentiation of stem cells into
particular lineages has also been evaluated by genomic and
proteomic analysis.[110, 115]

Evaluation of the function of an engineered tissue can also
be carried out by estimating target proteins (Figure 4B). In
a liver model that contained a layered coculture of hepato-
cytes and ECs, functional secretion and uptake was measured
using a fluorescent bile acid analogue, which confirmed
functional hepatocytes in the cocultures.[164] In the case of
a kidney model, enzymes such as cathepsin and alkaline
phosphatase were evaluated by measuring the presence of
metabolites and cytokines to validate the ability of the model
to respond to drug toxicity.[165]

Several other biochemical analyses should be performed
for evaluating the function of engineered tissue constructs.
For example, estimation of urea, albumin, bilirubin, and
transaminases are routinely performed for in vitro liver
tissue.[166] Typically, biochemical analysis needs high cell
density and often additional steps are required to separate
the cells from the matrix.[167]

4.3. Biomechanical Analysis

Biomechanical characterization of tissue/organ models is
of paramount importance as the structure and stiffness of
bioprinted matrices influence the cell geometry, which in turn
affects the differentiation fate and maturation stage.[168–170]

The mechanical properties of the bioprinted models can be
evaluated through compression tests at various culture times
(Figure 4E), and their applicability can be examined by fitting
the experimental data with suitable mathematical models
such as the Ogden model.[159] The mechanical and physico-
chemical effects of the chosen 3D hydrogel structure have
a vital effect on cell behavior and should be considered before
manufacturing functional tissues.[139] Increasing evidence has
suggested that mechanical stress, as well as other physical
factors, may significantly increase the biosynthetic activity of
cells in bio-artificial matrices.[171]

Recent studies have also highlighted the importance of
the matrix density as an instructive signal for the differ-
entiation of stem cells.[170] Thus, tissue/organ models should
approximate the mechanical properties of the target tissue.[172]

Interestingly, osteogenic differentiation was observed prefer-
entially in anisotropic, soft, collagen-rich substrates, whereas
adipogenic differentiation was mostly observed in isotropic,
stiff, agarose-rich matrices.[139]

Cell stiffness may be a useful biomarker for evaluating the
relative metastatic potential of cancer cells. One model has
shown that metastatic ovarian cancer cells are less stiff than
normal cells, which may indicate more flexibility and inva-
siveness.[173] Hence, biomechanical analysis of the tissue/organ
models could facilitate a better understanding of the impor-
tance of mechanobiology in tissue/organ development.

Nevertheless, novel characterization techniques are
required for 3D tissue/organ models. There is also a need
for the development of standard procedures, new tools, and
quantitative analysis methods, including appropriate 3D
imaging techniques.

5. 3D Bioprinted Tissue/Organ Models for Drug
Discovery and Toxicological Screening

3D matrices with well-defined microarchitectures and
tissue-like cellular distribution would allow excellent cell–cell
and cell–ECM interactions,[14] and consequently show a sim-
ilar response to drug compounds as native tissues. Advances
in 3D printing have enabled the direct and rapid production
of structures that mimic specific tissue morphology and
features. Once built, the bioprinted tissue shares many
features with the native tissue, including tissue-like cellular
density, presence of multiple cell types, and key architectural
and functional aspects. Hence, 3D bioprinted tissues can help
to accelerate the drug discovery process by allowing the
testing of new and promising drugs on functional human
tissues during hit-to-lead (H2L) and lead optimization stages
of drug development.[3,174, 175]
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Advantages of 3D bioprinted tissue/organ models
* Automated and reproducible production of tissue con-

structs
* Creation of a cell-specific microenvironment
* Generation of tissue-specific architecture
* Evaluation of drugs/chemicals on human-specific models
* Integration of microfluidics with 3D structure
* Fabrication of vascularized tissue constructs
* Longer cell viability and functionality
* Possibility of building tissue–tissue interfaces

The feasibility of the 3D bioprinting process has been
demonstrated by the construction of a physiologically rele-
vant pharmacokinetic model.[176] In this approach, 3D bio-
printed cell-encapsulated hydrogel-based tissue constructs
were directly integrated onto a microfluidic device for
continuous perfusion drug flow. Characterization of the 3D
tissue constructs showed predictable outcomes in terms of cell
viability/proliferation and enhanced functionality over tradi-
tional culture methods. Organovo Holdings, a biotech firm
from San Diego that designs and creates functional 3D human
tissues, is currently developing 3D printed tissues for phar-
maceutical and toxicological screening. Recently, Organovo
delivered its first 3D liver tissue for experimentation, thereby
making a breakthrough toward commercial launch of a 3D
model of liver tissue.[177] An engineered 3D model of the
microvasculature system of the brain was developed by
fabricating an array of microchannels comprising collagen I
by using microneedles and a 3D printed frame.[178] By
culturing mouse brain endothelial cells (bEnd.3) on the
luminal surface of cylindrical collagen microchannels, brain
microvasculature was reconstructed in vitro with circular
cross-sections. This model of the blood–brain barrier could
be used for physiological and pathological studies and also for
pharmaceutical applications.

Human physiology is tightly regulated by cross-talk
between multiple organs including the brain, gut, muscle,
liver, and adipose, and this complex control system is of vital
importance for preclinical drug testing. For example, there is
metabolic cross-talk between the heart and liver which has an
impact on familial hypertrophic cardiomyopathy.[179] Cross-
talk between adipose tissue and liver through adiponectin is
well established.[180] However, the cross-talk that occurs
between other organs such as, for example, the liver and
muscles, has not been well explored. Currently, these studies
are done by using several mouse models.[180] However, 3D
bioprinting could present a promising alternative by generat-
ing multiple organs connected to each other. This could be
particularly beneficial for studying the cross-talk during states
of liver diseases, such as fatty liver or steatosis, and could be
a target for developing a treatment for liver pathophysiology.

6. In Vitro Disease/Tumor Model

The most effective way of studying tumors and evaluation
of antineoplastic agents is clinical trials. However, this
method is not commonly used because of ethical and safety
concerns. Therefore, preclinical tumor models are being

developed that mimic the physiological environments of
tumors.[163, 181, 182] In vitro 3D tumor models based on human
cancer cells could be beneficial to accurately reproduce the
characteristics of human cancer tissues.[163, 183] Various tech-
niques, such as multicellular spheroids, cell-seeding 3D
scaffolds, hydrogel embedding, microfluidic chips, and cell
patterning, have been explored for the construction of 3D
tumor models in vitro.[163] However, simulating the complex
3D physiological tumor microenvironment and developing
realistic 3D tumor models is difficult using the abovemen-
tioned techniques. Advances in 3D printing have offered an
opportunity for the biofabrication of complex structures with
simulated pathophysiological microenvironments to construct
in vitro disease/tumor models to aid the study of disease
pathogenesis.[184] Although there are very few reports to date
concerning the 3D printing of tumor models, the following
study by Zhao et al. clearly demonstrates the great possibil-
ities of this technique.

3D printing of Hela cells in gelatin/alginate/fibrinogen
hydrogels was utilized for the development of in vitro models
of cervical tumors. When compared with conventional 2D
planar culture models, Hela cells showed a higher prolifer-
ation rate in the printed 3D environment and were inclined to
form cellular spheroids, whereas only monolayer cell sheets
formed in 2D cultures. Hela cells in 3D printed models also
showed higher expression of matrix metalloprotease (MMP)
protein and chemoresistance than those in 2D cultures.[185]

The new biological characteristics of printed 3D tumor
models in vitro combined with the novel 3D cell printing
technology is likely to considerably advance the 3D study of
cancer in the future.

7. Future Directions

3D bioprinting of tissue and organ models is a vibrant
research area in which several pioneering results have been
obtained over the last few years. The range of available 3D
bioprinting techniques has the potential to facilitate the
development of realistic tissue/organ models. Researchers
have used inkjet printing technology for cell-based gene
therapies to show that transfecting genes into cells is possible
together with precise delivery of modified cells to a given
target, thereby producing genetically modified cells to suit
a particular application.[186] Within the next few years, 3D
bioprinting is expected to advance to meet the needs of
specific applications such as models for pharmaceutical/
toxicological screening. Bioprinting has the potential to
revolutionize the way drugs are being tested, as well as
reducing the cost and time of drug discovery by allowing rapid
identification of potential candidates or substances toxic to
human tissues.

Most published results were at the early stages of tissue/
organ development. Only a few studies have thoroughly
investigated the process parameters to derive either predic-
tions or optimization strategies in a systematic way. For the
successful application of tissues and organs as in vitro models,
standardization and optimization of the printing process with
respect to the final demand are necessary in addition to
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complying with good manufacturing practice (GMP). Hence,
there is a great need for studies targeted toward under-
standing structure and function relationships of the process
parameters of the printed constructs. Moreover, modern
fabrication schemes rely on mathematical modeling and
computer simulations for optimizing the process design and
making predictions.[184,187] The performance and function of
tissue constructs can be predicted, and hence improved,
before printing using computer simulations. However, this
approach needs more attention to be specific to the use of 3D
tissues/organs.

Stem cells have an essential role in the construction of 3D
tissue because they offer great potential for creating complex
constructs, as highlighted by various research groups.[95, 184,188]

However, various issues need to be resolved before stem cells
can be actually used for 3D bioprinting, such as optimization
of the cellular microenvironment to combine the advantages
of cell attachment, cell stimulation, and mechanical stability
to mimic the in vivo environment to the highest degree.[189]

8. Conclusions

The investigation of new methods/techniques to generate
realistic 3D tissue/organ models by using complex designs
through 3D bioprinting represents an active area of biomed-
ical research. Although the described techniques are still in
their infancy, they offer great potential to overcome many
challenges associated with the production of complex tissues
and organs. These techniques are promising tools for pro-
gressively replacing current often misleading, time-consum-
ing, and personnel-dependent, real tissue-based or animal-
based pharmaceutical and toxicological assays. However, the
interaction and collaboration of researchers from various
fields are needed to overcome several hurdles before this
technology will have widespread acceptance and impact.
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