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Highlights on Advancing Frontiers in Tissue Engineering
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The field of tissue engineering continues to advance, sometimes in exponential leaps forward, but also
sometimes at a rate that does not fulfill the promise that the field imagined a few decades ago. This review is
in part a catalog of success in an effort to inform the process of innovation. Tissue engineering has recruited
new technologies and developed new methods for engineering tissue constructs that can be used to mitigate
or model disease states for study. Key to this antecedent statement is that the scientific effort must be
anchored in the needs of a disease state and be working toward a functional product in regenerative
medicine. It is this focus on the wildly important ideas coupled with partnered research efforts within both
academia and industry that have shown most translational potential. The field continues to thrive and among
the most important recent developments are the use of three-dimensional bioprinting, organ-on-a-chip, and
induced pluripotent stem cell technologies that warrant special attention. Developments in the aforemen-
tioned areas as well as future directions are highlighted in this article. Although several early efforts have
not come to fruition, there are good examples of commercial profitability that merit continued investment in
tissue engineering.
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Impact Statement

Tissue engineering led to the development of new methods for regenerative medicine and disease models. Among
the most important recent developments in tissue engineering are the use of three-dimensional bioprinting, organ-on-
a-chip, and induced pluripotent stem cell technologies. These technologies and an understanding of them will have
impact on the success of tissue engineering and its translation to regenerative medicine. Continued investment in
tissue engineering will yield products and therapeutics, with both commercial importance and simultaneous disease
mitigation.

1Department of Bioengineering, Henry Samueli School of Engineering, University of California, Los Angeles, California, USA.
2Department of Biomedical Engineering, College of Engineering, Michigan State University, Michigan, USA.
3Advanced Pharmaceutics and Drug Delivery Laboratory, Leslie L. Dan Faculty of Pharmacy, University of Toronto, Toronto, Canada.
4Department of Chemistry, Faculty of Engineering, Istanbul University-Cerrahpasa, Istanbul, Turkey.
5Department of Materials Science and Engineering, Faculty of Engineering, University of Sheffield, Sheffield, United Kingdom.
6Faculty of Medicine, National Heart and Lung Institute, Imperial College London, London, United Kingdom.
7Department of Chemical Engineering and Material Science, College of Engineering, Michigan State University, East Lansing,

Michigan, USA.
8Department of Radiological Sciences, David Geffen School of Medicine, University of California, Los Angeles, California, USA.
9Division of Cardiology, David Geffen School of Medicine, University of California, Los Angeles, and VA Greater Los Angeles

Healthcare System, Los Angeles, California, USA.
10RoosterBio, Inc., Frederick, Maryland, USA.
11Academic Department of Trauma and Orthopaedics, University of Leeds, Leeds, United Kingdom.
12Division of Plastic Surgery, Department of Surgery, Nemours/Alfred I. du Pont Hospital for Children, Wilmington, Delaware, USA.
*These authors contributed equally to this work.

TISSUE ENGINEERING: Part B
Volume 28, Number 3, 2022
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ten.teb.2021.0012

633



Introduction

T issue defects and organ loss can result from congen-
ital problems, disease, damage, or surgical removal1,2

and thus, tissue defects need to be regenerated and repaired.
In addition, organ function needs to be regained. This is the
promise of tissue engineering. Because of the shortages in
organ and tissue supply,3 many patients die every day while
waiting for a transplant.4,5 Tissue engineering and its popular
and governmental support in concept was driven by this
organ and tissue deficiency. Therefore, methods to develop
autograft-like replacement tissues have been explored and
demanded by the funding agencies. The major advance has
been the development of the tissue engineering concept in
the late 1980s and early 1990s.6

Tissue engineering aims at producing functional tissue
constructs for use in reconstruction or regeneration of
damaged or lost tissues and organs,7,8 such as skin,9 spinal
cord,10 and other organs.11 In addition, secondary gain has
been the development of models to study function,12 dis-
ease13 and test and develop drugs.14 Tissue engineering can
be achieved either ex vivo15 or in situ16 by using various
molecules, materials, or cells to stimulate local tissue re-
generative capacity. It is important to note that this effort of
tissue engineering was a fundamental shift in the approach
to the treatment of tissue loss. With the end goal being
functional organs with a complex interplay of different cell
signals and scaffolds, the effort mandated a ‘‘system’’ ap-
proach with engineering principles instead of the traditional
reductionist methodology of experimentation. The ultimate
end goal was beyond the knowledge of a fundamental
mechanism, but rather a product to mitigate or cure a disease
state.

The field of tissue engineering; however, continues to
advance, taking advantage of recent developments in areas
such as smart biomaterials,16–18 induced pluripotent stem
cell (iPSC),19 three-dimensional (3D) bioprinting20,21 tech-
nologies, and dynamic culture methods.22,23 It is also re-
newed by new technologies such as genetic engineering,
extracellular vesicles (EVs), and artificial intelligence. Lit-
erature in the field is vast, and there are excellent reviews of
different aspects of tissue engineering.24–26 Therefore, the
purpose of the current article is to highlight only major and
recent advances in the field (Fig. 1).

Advancing Frontiers in Tissue Engineering

Advances in biomaterials and their application
in tissue engineering

In tissue engineering, biomaterials are used to provide
micro- and nanostructural characteristics, morphology, and
surface properties that support cells and can be loaded with
appropriate growth factors. Biomaterials used, in the form of
matrices or scaffolds for tissue engineering, can be en-
gineered in a way that helps to direct cell growth through
specific designs.27 Although biomaterials have been used in
tissue engineering since the early 1990s,6,28 how they have
been used and the applications they are used for are con-
stantly evolving. Outlined here are recent advances in the
use of biomaterials for tissue engineering (Table 1). It is
important to note that the field often has an eye on com-
mercialization, such that the Food and Drug Administration

(FDA) approval for a new biomaterial may be a hurdle that
shapes the evolution of tissue engineering constructs. It is
important to note that this barrier can and has in part limited
the imagination of the field, because it is often more expe-
ditious to adapt a natural biomaterial or harness one that has
an FDA track record instead of designing de novo a material
that will require significant vetting before its clinical use.

Advances in polymeric biomaterials

Natural polymers. Natural polymers that are most com-
monly used in tissue engineering are collagen,29 gelatin,30

chitosan,31 alginate,32 hyaluronic acid (HA),33 and poly-
hydroxyalkanoates (PHAs),34 because of their availability and
biocompatibility.35,36 Peptides present on some of them, such
as collagen, help cell attachment, migration, and function.29

Silk, a natural polymer,37 has been increasingly popular in
many tissue engineering applications due to its high proces-
sability, strength, and elasticity.38,39 The PHAs comprise an-
other group of natural polymers with special interest, as they
are characterized by degradation through surface erosion that
helps to maintain their general structure.40

Guided growth of neuronal cells was observed in vitro
following the use of highly aligned electrospun fibers of a
blend of the poly(3-hydroxybutyrate) [p(3HB)], and poly(3-
hydroxyoctanoate) [p(3HO)].41 In another application,
p(3HO) was used to produce cardiac patches, which ex-
hibited favorable mechanical properties closely matching
those of native cardiac muscle, and surface topography that
enabled efficient cell adhesion and proliferation.42 To pro-
duce new constructs with improved properties, polymers can
also be used in combination, for example, electrospun fibers
made from a combination of chitosan and gelatin were found
to enhance bone regeneration capability.43 When PHAs were
blended with the synthetic polymer polycaprolactone (PCL)
to produce a scaffold that delivers seeded cardiac progenitor
cells and implanted in the postmortem murine heart, the
implants enabled the adhesion of cardiac progenitor cells,
stem cell proliferation, and retention.44

Natural extracellular matrixes. Natural extracellular ma-
trixes (ECM) have been used in a wide range of tissue en-
gineering applications.45,46 The ECM provides a natural
structure that maintains some of the biological cues of the
native tissues. The ECM chemical cues also help with cell
attachment, differentiation, and function. There are various
methods that have been used for the preparation of
mammalian-tissue-based decellularized matrices, including
chemical, biological, and physical methods and their com-
binations.47 The majority of research, though, has been fo-
cused on the decellularization of tissues or organs.48 It was
shown that seeding decellularized hearts can result in ob-
taining contractile hearts by day 4 after keeping them in a
bioreactor.49 Using electrical stimulation and physiological
load, constructs pump function was achieved by day 8. This
represents an interesting area for the application of decel-
lularized ECM in the tissue engineering of various organs.

Kusuma et al. made a major advance by demonstrating
that immortalized cell lines can produce high-quality ECM
from a single cell source.50 Moreover, processing steps such
as homogenization, pepsin digestion, or urea extraction have
been used to create solutions that can be used to create
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surface coatings that retain some of the key properties of the
native ECM. The ECM is proposed for numerous applica-
tions, due also to its versatile processing characteristics that
have already allowed its use in 3D printing51 and electro-
spinning.52 For example, Kim et al.53 used skin-derived
ECM bioink for the 3D printing of skin tissue, with some
success. Further, Carvalho et al.54 combined cell-derived
ECM with PCL and electrospun the solution to create mi-
crofibrous scaffolds for bone tissue engineering. The in-

corporation of ECM in the fibers enhanced cell proliferation
and osteogenic differentiation, maintaining similar me-
chanical properties to PCL alone. The regulatory require-
ments of the field allow the strategy for efficient
decellularization to appear to be one of the most viable
pathways toward a product in short order.49

Despite the many positive attributes of the decellularized
matrix for use in the field of tissue engineering, it does also
come with limitations. One such limitation is its degradation

FIG. 1. Schematic illustration showing overview of major and recent advances in tissue engineering. 3D, three-
dimensional; 4D, four-dimensional. Color images are available online.
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rate, and this is a property that often needs consideration
when using biomaterials for tissue engineering. For optimal
regeneration, the degradation rate of decellularized matrix
should be closely matched with the regeneration rate of the
target tissue, and in many of applications this means that the
degradation rate needs to be reduced.55 Current decellular-
ization methods and processes achieve both a thorough re-
moval of all cells and retention of other nonantigenic parts
of the original tissue composition that can aid/guide in tissue
regeneration.56

Decellularization is also not a ‘‘one-size-fits-all’’ approach,
and the protocols must be adapted for different tissue types
while integrating factors such as their density and the matrix
components. Decellularized matrix produced from tissues,
which have specific mechanical properties, must maintain
structural matrix components such as collagen fibers and
many proteins that are necessary as endoskeleton and thus

decellularization protocols need to be tuned to preserving
these components. Increased preservation of active factors
and structural components would also increase the bioactivity
of decellularized matrix, making it an even better natural
guidance material for tissue engineering.57

It is important to note why this strategy is imperative and
that it is linked to the ‘‘systems approach’’ already men-
tioned in contrast to precedent scientific reductionist work.
In a system approach, the ‘‘principle’’ is that the ECM or the
scaffold is imperative to drive and maintain differentiation.
One can ask the fundamental question as to whether an
osteoblast is an osteoblast when it is not surrounded by its
ECM. Many in the stem cell field would argue that the cells
and the ECM are intrinsic to one another and that molecular
flexibility in differentiation and dedifferentiation occur
without the union of the cell and the ECM. With this prin-
ciple in mind, the strategies of decellularized matrices are

Table 1. Advantages, Disadvantages, or Limitations of Different Biomaterials Used for Tissue Engineering

No. Biomaterial Advantages
Disadvantages/

limitations
Types of tissue engineering

products Refs.

A Polymers
1 Natural polymers � Biocompatibility

� Cell adhesion motifs
� High processability
� Elasticity
� Degradability

� Limited mechanical
properties

� Various tissues such as heart,
bone,

liver, and cartilage

27–31

2 ECM � Mimicking native tissue � Tissues such as bone, skin,
meniscus, and kidney

32–36

3 Synthetic polymers � Can be bioresorbable and
processed in a controlled
way

� High mechanical
properties

� Inflammation
� No cell adhesion

molecules

� Tissues such as bone,
cartilage, nerve, and brain

37–40

4 Hydrogels � Cells, drugs, and
biomolecule delivery

� Minimally invasive
techniques

� Mechanical properties
� Adhesive strength
� Cell adhesion

� 3D bioprinting
� Injectable materials and drug

delivery vehicles for
regeneration

� Minimally invasive
regenerative therapeutics

� Cartilage regeneration

41–43

5 Smart and functional
polymers—
composites

� Biological properties
� Antibacterial activity
� Physical properties, e.g.,

self-healing, shape-
memory, stimuli-
responsiveness

� Controllability of
responsiveness may
be affected by
environment

� Injectable regenerative
therapeutics for treating bone
defects

8,44,45

B Bioceramics � Bioactive
� Biocompatible
� High compression strength
� 3D printed scaffolds with

mechanical characteristics
comparable to human
cortical bone

� Low tensile strength
� Brittleness
� Weak under cyclic or

high loads

� Hard tissue engineering such
as bone, cartilage, and tooth

46–51

C Ceramic-polymer
composites

� Cell incorporation
� Enhanced tissue

infiltration

� Brtittleness � Injectable or 3D-printed
composites for dental and
cartilage tissue engineering

52–55

D Metals � Biocompatibility
� Degradable metal alloys
� Improved mechanical

properties

� Uncontrolled
corrosion

� Absorbable implants for
bone repair

� 3D porous scaffolds

56,57

3D, three-dimensional; ECM, extracellular matrixes.
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rational because we do not have all the cues that are both
physical and chronologic to the complex interplay between
the cell and its ECM. Certainly, with further study and in-
sight, smart or rational designs will incorporate the natural
cues found in the natural ECM and allow synthetic polymers
to support cell differentiation with similar efficiency to
natural polymers.

Synthetic polymers. Synthetic polymers have been widely
used in tissue engineering because they are widely available
and inexpensive; can be bioresorbable; and can be processed
in a controlled and multitude of ways to make them suitable
for different applications. Commonly used synthetic poly-
mers include polylactide (PLA),58–60 polyglycolide (PGA),58

poly(lactide-co-glycolide) (PLGA),59,61,62 PCL,60,63,64

poly(glycerol sebacate) (PGS),64 and polydimethylsiloxane
(PDMS). The PDMS has unique applications in tissue en-
gineering among synthetic polymers due to high oxygen
(O2) diffusivity, ease of fabrication, biocompatibility, and
flexibility.65 It has been explored for engineering of cell
sheets,66 and it is widely used for the development of 3D
organ-on-a-chip (OoC) cultures67 that helped advancing the
field of engineering tissue models tremendously (see the
Advances in Microfluidic Culture Systems section). The
PDMS is a nonbiodegradable polymer, and it was therefore
used more commonly in ex vivo rather than implantable
tissue engineering constructs.67

Blends of synthetic polymers were also explored to
combine the properties of different materials.68 Synthetic
polymers have been also used in combination to build dif-
ferent phases in the resulting structure. For example, Fang
et al. used PLA to produce shell and PGA to produce core in
electrospun nanofibres.58 The materials were found to ac-
celerate wound healing in vivo. Synthetic polymers can also
be combined with natural biomaterials to form semi-
synthetic polymers. For example, Jiao et al.63 melt-blended
PCL and HA to 3D print scaffolds for bone tissue engi-
neering. Constructs had improved mechanical characteris-
tics as compared with those that were made from PCL alone.

The bioresorbability of many synthetic polymers poses
advantages in many tissue engineering applications. How-
ever, controlling the rate at which degradation occurs can be
a clinical challenge. Xu et al.62 experimented with adding
magnesium to PLGA to make composite films with low
ranges of magnesium weight percentages, and they found
that magnesium extended the duration of degradation and
also improved the tensile strength of the films.

Hydrogels. Another advancing recent frontier has been in
the area of hydrogels. Hydrogels have been extensively used
for 3D bioprinting, which has been a very active area of
research in the past few years.69 Hydrogels can be made
from various natural or synthetic polymers and have been
used for the engineering of different tissues, because of their
ability to encapsulate cells,70,71 while having the perme-
ability required for the diffusion of O2 and nutrients across
the material. An aspect in which previously they have fallen
short is their mechanical properties72 and the lack of adhe-
siveness.73 Recently, however, these problems were largely
addressed. For example, Shirzaei Sani et al.74 produced an
adhesive HA/elastin-like polypeptide hybrid hydrogel,
which is characterized by remarkable adhesive, antimicro-

bial activity, and tunable physical properties. This enhances
the translation of the hydrogels to the clinical practice as it
was limited due to their poor mechanical characteristics, low
adhesive strength, and their weakness to inhibit bacterial
colonization.

Reinforcement of hydrogels can be achieved through in-
terpenetrating secondary networks.75 The addition of a
second network enables conventional hydrogels to be used
in many emerging biofabrication techniques toward
achieving hierarchical architectures and developing per-
sonalized medicine. These interpenetrating hydrogels can
find applications in tissue engineering and drug delivery
systems as well as in developing in vitro disease models for
drug discovery and screening. Hybrid hydrogels were found
to have greater adhesive strength to the tissue being en-
gineered, as compared with commercially available tissue
adhesives. A great potential of hydrogels is their use as
injectable materials to deliver cells, drugs, and biomole-
cules16 for regenerative purposes that can often be achieved
by using minimally invasive techniques.76,77

A recent study78 looking into cartilage repair found that
HA hydrogels could be used to encapsulate chondrocytes
and support cell survival and the regeneration of cartilag-
inous tissue. Aside from HA, alginate, and collagen, ECM
hydrogels have been used in tissue engineering, and also
for cell encapsulation. In addition, microencapsulation of
cells to produce microgels was also explored.79–81 Hy-
drogels such as these can be blended and processed through
3D bioprinting, where cells are encapsulated and printed
into designed structures and then crosslinked to provide
appropriate mechanical properties. For example, 3D-
printed scaffolds of collagen/alginate hydrogel have been
used for cartilage tissue engineering82 and ECM hydrogel
for cardiac patches.83

The regeneration of damaged tissue can be achieved ei-
ther via ex vivo or in situ methods. In ex vivo tissue engi-
neering, scaffolds are combined with cells and biomolecules
outside the body to obtain cell-laden tissue constructs for
implantation (Fig. 2A).16 However, the ex vivo tissue re-
generation has limitations, such as tissue morbidity and the
lack of reliable cell sources. On the other hand, in situ tissue
engineering requires precise control of the biochemical and
biophysical cues to stimulate resident host cells and attract
cells to the site of injury requiring regeneration (Fig. 2B). On
the other hand, in situ tissue regeneration can be achieved by
stimulating endogenous cells using either extracellular sig-
nals or cell reprogramming. In the first approach, cells are
primed via extracellular factors, such as through modulating
the biophysical and biochemical characteristics of the bio-
material (Fig. 2B).16 In the second approach, direct manip-
ulation of the cellular gene- expression program is
accomplished through cellular reprogramming (Fig. 2B).16

Because of its relation to biomaterials, we review the first
approach in this section.

Smart and functional polymers. Smart polymers used in
tissue engineering include those with self-healing,84–86

shape memory,76,87–89 or stimuli-responsiveness18,90–92

properties. The ability to change the shape of 3D-printed
objects via environmental stimuli, such as heat, moisture,
water, pH, or light as a function of time, is known as four-
dimensional (4D) printing, and it also has recently gained

ADVANCES IN TISSUE ENGINEERING 637



considerable interest.93 For example, Invernizzi et al. have
developed a novel 4D-printable smart material, using PCL
and 2-ureido-4[1H]-pyrimidinone (UPy), which is a ther-
mally activated shape memory polymer with self-repairing
abilities.94 The incorporation of methacrylates bearing UPy
(UPyMA) monomers had provided self-healing properties
to the 4D-printed structures, and the possibility to print
actuators for soft robotics had been shown for the first time
in this work. Synthesizing smart hydrogels that provide
both self-healing and shape memory properties at the same
time is expected to be further investigated in the following
years.95–97

Although there are many clear reasons why smart and
functional polymers have gathered attention, they do have
drawbacks that should be considered. For example, in the
body environment, triggering thresholds of changes, for
example, temperature or pH, may affect the responsiveness
of these polymers, which, in turn, will affect controllability
of the construct and the included cells.69 A shape memory
material implanted in the body may lead to injury of the
neighboring tissues or loss of function when it returns to its
original shape.98 These challenges have to be mitigated
before full benefits can be gained from utilizing smart
polymers for tissue engineering.

Stimuli-responsive and self-healing hydrogels have
also emerged as pharmaceutical carriers for tissue engi-
neering.84,94–105 One such example application of these
self-healing hydrogels that is being explored is bone re-
generation that can be achieved by providing an optimal
microenvironment for new bone formation and for thera-
peutic drug delivery. Unlike conventional hydrogels, these
constructs can resist mechanical stress, while protecting
their therapeutic cargos from degradation and maintaining
their sustained release for the long-term performance re-
quired for bone tissue healing.84,99 To this end, a hydrogel

made of chondroitin sulfate (ChS), known for its regenera-
tive capacities, was developed for bone tissue repair with the
material being cross-linked to mimic cranial bone charac-
teristics.100

With excellent self-healing, injectability, and in vivo tissue
adhesion abilities, ChS-based hydrogel exhibited good cyto-
compatibility when it was used to encapsulate rat-derived
mesenchymal stem cells (MSCs). Most importantly and
compared with phosphate-buffered saline-loaded hydrogel,
the injection of bone morphogenetic protein (BMP)-4 loaded
hydrogel into a murine bone defect model led to defect repair
through the formation of new cranial bone tissue, with a
significant decrease in the defect size after 12 weeks.

Over the past few years, significant progress in the de-
velopment of advanced functional polymers with tunable
chemical, physical, and biological properties has been
achieved.101,102 This resulted in novel applications in 3D and
4D bioprinting103 and drug delivery.104–106 For example,
Zhang et al. recently developed a biocompatible hydrogel
ink, which contains self-healing precrosslinked hydrogel
microparticles of chitosan methacrylate and polyvinyl alcohol
hybrid hydrogels. Their results showed advanced structures
with a high aspect ratio, and excellent shape accuracy at
organ-proper scales could be quickly produced.107

Several drug delivery systems have been based on the use
of advanced polymers. Consequently, functional hydrogels
that can provide the required dosage in both proper chro-
nicity and location can mitigate complications and enhance
success with clinical application.108–110

Advances in bioceramic biomaterials. Ceramics are at-
tractive materials for tissue engineering, because of their
highly bioactive and biocompatible characteristics.111

Ceramics, including bioactive glass ceramics, have been
used in bone tissue engineering applications for many years

FIG. 2. Schematic illustration showing (A) Use of traditional ex vivo tissue engineering approach, which is based on the use
of cells (1) cultured (2) with growth factors (3) and scaffolds (4) to develop pre-seeded constructs (5) outside the body before
their implantation (6). (B) Use of in situ tissue regeneration to harness the innate regenerative capacity in the body either
through extracellular signal manipulation by using bioactive (1) or immunomodulatory (2) biomaterials or bioactive molecules
(3), or through an intracellular reprograming approach, which employs epigenetic transformation (4), transcription factors (5),
gene editing (6), or an RNA-based approach (7). Created with Biorender.com. Color images are available online.
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due to their well-matched mineral characteristics.112–114

They are strong and osteoconductive, which makes them
ideal for application in hard tissue engineering.66–69 They are
strong in compression, however, weak in tension, and very
brittle. Bioactive ceramic and glass-ceramic scaffolds were
also produced by 3D printing processes such as ‘‘robocast-
ing’’115 and the ‘‘freeze extrusion fabrication’’ that combines
extrusion printing with freeze-drying.116 The high strength
values of scaffolds fabricated by additive manufacturing
result from their ability to maintain highly interconnected
channels with high alignment, at a porosity of 50–60%.
These scaffolds presented an elastic response under com-
pression, with an average compressive strength of 140 MPa
and an elastic modulus of 5–6 GPa, which are comparable to
those of the human cortical bone.

Although bioactive ceramic and glass-ceramic scaffolds
can effectively mimic porous bone, provide required com-
pressive strength,117 and contain channels in their 3D struc-
ture for tissue ingrowth,115 they are brittle and not suitable for
applications in locations exposed to cyclic or high loads.
Thus, scaffolds made of pure ceramics were not very suc-
cessful when they were used in load-bearing regions of the
body.118 It is also imperative to note that these scaffolds, in
particular once seeded with cells and remodeled by biologic
ingrowth and calcified ECM production, will change their
structural capacity and thus often can be used as a bridge
technology. Therefore, the development of advanced scaf-
folds that can maintain bioactivity properties is required. To
achieve this, the obvious engineering solution that has been
implemented was the development of composite materials.

Advances in ceramic polymer composite biomateri-
als. Bioactive glass was used in the form of particles,119

fibers,120 or scaffolds,121 and it was combined with polymers to
develop various composites for tissue engineering. For exam-
ple, bioactive glass nanoparticles have been incorporated into
freeze-cast gelatin-chitosan foams with a pore size range be-
tween 150 and 300mm.122 The low strength of the composite
was improved by a decrease in its porosity. Bioactive glass–
collagen–phosphatidylserine scaffolds (65 wt.% 58S sol–gel
bioactive glass) were developed with 75% porosity, a pore size
of 300mm, and a compressive strength of 1.5 MPa.123 How-
ever, connectivity between pores was poor, limiting scaffold
application in tissue engineering.

In addition, Nikpour et al.124 developed a composite with
bioactive glass-ceramic and dextran hydrogel because of its
biocompatibility and hydrophilicity, which enable the in-
corporation of cells and nanoparticles in the structure.
Chatzistavrou et al. also looked at the combination of bio-
active glass-ceramic particles with appropriate matrixes
(e.g., ECM, collagen–fibrin microspheres) and stem cells to
enhance odontogenic differentiation and trigger new dentine
formation in dental tissue engineering approaches.125,126

Another study also looked at producing nano-bioactive
glass-ceramic particles that were incorporated with Calcarea
phosphorica aiming at assessing the effect of these nano-
particles on osteoblast differentiation.127 It was found that
these particles had osteogenic potential, as they promoted
mouse mesenchymal cell proliferation.

Ceramics are also being coated with polymers, which can
help in achieving surface functionalization, controlled delivery
of growth factors and drugs, and enhanced bioactivity.128 In

one example, Luginina et al.64 combined bioactive glass
particles with electrospun PGS/PCL for the engineering of
cartilage. This combination helped to maintain smaller pro-
jected cell areas as well as rounded cell phenotype. Scaffolds
made of 13–93 bioactive glass were seeded with rat-bone-
marrow-derived MSCs and implanted in the subcutis of rats
for 4 weeks, which resulted in tissue infiltration of the scaf-
folds.121 Moreover, vessels can form inside scaffolds in
in vitro cultures and when the construct is implanted in vivo
newly formed vessels may connect to the host blood ves-
sels.129 Further, scaffolds made from bioactive glass fibers and
PLGA mesh were also developed and investigated for bone
tissue engineering using osteoprogenitor cells representing
craniosynostotic osteoprogenitors, with the view of using this
approach for the reconstruction of the crania of these patients
using autologous cells derived from removed tissues.130

Advances in metal biomaterials. Metals are a group of
interesting materials that can also be used for developing
scaffolds for tissue engineering. At a historic level, gold and
other materials with malleable properties have been used be-
fore the time of Hippocrates. Because most of metals are not
biodegradable, they cannot be replaced by tissues. Therefore,
the use of this group of materials for tissue engineering has
been very limited except for the recent activity in biode-
gradable metal alloys, which represents an expanding research
frontier. These materials combine both the properties of
metals and biodegradability sought in polymers. In addition,
their use helps to avoid many problems associated with the
use of biodegradable polymers, such as inflammation131,132

and osteolysis.133 In this group of biodegradable metals,
magnesium-based alloys have been explored and various
implants have been developed especially for application in the
treatment of bone tissue.134 A combination of both biode-
gradable polymers and metals has also been investigated,135

for example, a biodegradable magnesium-reinforced biode-
gradable PLA membrane was developed for application in
guided bone regeneration.136 In future, it is expected to see
more studies on the combination of metals with polymers.

Metals, in general, exhibit improved mechanical proper-
ties (i.e., yield strength, ultimate tensile strength, hardness,
etc.), and they are considered the best alternative for
structural support. In addition to mechanical performance,
absorbable metals should be compatible and nontoxic with
controlled corrosion behavior. A metal that can be consid-
ered absorbable should corrode in the body’s environment
without generating toxic corrosion products. Thus, they
should meet an appropriate balance between maintaining the
required mechanical performance and corroding within a
required period while the native tissue is regenerating.

Iron (Fe), magnesium (Mg), and their alloys have been
investigated as absorbable metals, for biomedical applica-
tions in cardiovascular and orthopedic surgery. Mg is bio-
compatible, reduces thrombogenicity, and is critical for
several cellular functions, such as intracellular transport,
signal transduction, and energy metabolism.137 Absorbable
stents138 and bone screws139 made of Mg-based alloys are
already commercially available.140,141

However, the uncontrolled and fast corrosion of Mg in
biological environments remains a challenge.142 Mg-based
alloys are still being optimized toward meeting the expec-
tations of absorbable metallic implants.132 Zinc (Zn) was
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incorporated as an alternative to Mg, because of its mod-
erate corrosion rate in simulated body fluid.143 In one study,
Bowen et al.144 presented an outstanding corrosion behavior
and biocompatibility of Zn vascular stents in rat aorta.
Current research proposes that Zn alloys could potentially
overcome the challenges of Mg alloys used as absorbable
implants. Current research work also includes advances in
other biomedical applications such as 3D porous Zn scaf-
folds.145

Through previous research it became clear that each
biomaterial brings with it certain advantages and disad-
vantages, and to create specialized scaffolds and other tissue
engineering constructs we must be able to utilize multiple
materials in combination, so that their varied advantages can
be exploited. In some sense, this requires that the engi-
neering process begins with a clinical problem that dictates
the design and needs of the bioresorbable material proper-
ties. Early tissue engineering began with a polymer or a
construct and looked to find an application. Therefore, as the
field has advanced, our approach to design and fabrication
should also evolve.

Advances in stem cells and their application
in tissue engineering

Although primary cells can be used for tissue engineer-
ing,146 the use of stem cells offers the advantage of access to
cells that can be directed to differentiate to the desired cell
type.147 The use of autologous cells, in particular, can help
to avoid the problems associated with allo-transplantation.
Therefore, stem cells represent a very important and almost
inexhaustible source for tissue engineering148,149 and re-
generative medicine.150,151 Stem cells can also be used for
engineering tissues either with or without a biomaterial as a
matrix152 (Fig. 3). In addition to engineering tissues for
regenerative purposes, stem cells were recently used for the
engineering of cancer spheroids to develop models for
cancer studies.153

Advances in stem cell sources. Stem cells are divided
according to their differentiation potency into various line-
ages as totipotent, pluripotent, and multipotent. Totipotent
stem cells can give rise to the three primary germ cell layers
of the embryo and also give rise to extra-embryonic tis-
sues.154 Pluripotent stem cells can give rise to all tissues in
the body, except the placenta and umbilical cord. Embryo-
nic stem cells (ESCs) represent an important type of plu-

ripotent stem cells that were explored for cell therapy and
tissue regeneration.155,156 Because of the associated ethical
issues and regulatory restrictions, research continued to
explore other possibilities.157

In 2006, scientists succeeded in developing pluripotent
stem cells from adult somatic cells,19 that is, iPSCs, by using
clustered regularly interspaced short palindromic repeats
(CRISPR) technology, which can be used for either the
activation (CRISPRa) or interference (CRISPRi) with the
expression of certain genes.158 The iPSCs are currently
being intensively studied because of their pluripotency but
without having many of the issues associated with ESCs.159

Today, they represent an advancing frontier in tissue engi-
neering, because of their potential to differentiate into many
cell types.158 For example, iPSCs that were generated from
human anterior cruciate ligament were used in the repair of
ligaments and tendons. Further, iPSCs will be an invaluable
tool for the development of personalized therapeutics.160,161

Compared with pluripotent cells, multipotent stem cells
such as MSCs can produce only certain cell types.162 MSCs
are derived from mesodermal embryonic tissues, have high
regenerative ability, and are precursors of different mesen-
chymal tissues such as bone and cartilage.163 MSCs can be
isolated from different tissues such as bone marrow,164 adi-
pose tissue,165–167 amniotic membrane,168 umbilical
cord,168–170 placenta,171 dental pulp,172 and other sources
that are being continuously explored.173

Recently, MSCs that were isolated from the synovial fluid
and synovial membrane were investigated for cartilage tis-
sue engineering.174 Among these, adipose tissue represents
an attractive source175 because of its abundance, easiness of
accessibility, and the possibility of retrieval of stem cells
that were proved to differentiate to different lineages such as
fat, bone, and cartilage.176 Generally, MSCs have been the
most widely investigated stem cells177,178 for various tissue
engineering applications.179 Their versatile behavior in vivo
and in vitro made stem cells favorable for research and
clinical applications.180,181 Stem cells can also be used for
immunomodulation,182,183 which can be explored for ap-
plication in tissue engineering and regenerative therapy.184

Recent advances in stem cell-derived extracellular vesi-
cles. In addition to iPSCs, advancing frontiers in stem cell
technology and its application in tissue engineering include
stem cell-derived EVs. EVs are produced by cells in the
form of exosomes, microvesicles, or apoptotic bodies; they

FIG. 3. Engineering of cell
sheets composed of cells only
using a modified poly(N-
isopropylacrylamide) (PNI-
PAAm) surface.430 Color
images are available online.
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carry peptides, lipids, or nucleotides such as RNA and DNA,
and they have been increasingly recognized as an important
means of molecular communication between cells and or-
gans.185 In particular, EVs secreted by MSCs have been
investigated for tissue regeneration since they can produce
important effects without the need to use cells. They have
been investigated for skin, bone, cartilage, and neuronal
regeneration.178,186

To increase the efficacy of EVs, MSCs were precondi-
tioned by using hypoxia to produce primed MSCs.187 This
paves a new way of devising regenerative strategies based
on the use of stem cell-derived EVs, which will help to
eliminate many of the problems associated with the use of
cell-based products. It is expected that research in this area
will expand and extend to clinical translation in the future. It
also underscores the importance of closing the knowledge
and understanding gap that we still have in relation to the
stem cell microenvironment.

Advances in stem cell differentiation. The most impor-
tant challenge in the development of stem cell-based treat-
ments in tissue engineering applications is the identification
of biophysically and biochemically different tissue-specific
environments.188 In this process, besides defining differenti-
ation and growth factors that mimic the stem cell environ-
ment, it has been reported that determining the physical
properties and mechanical forces of stem cell matrix such as
morphology and stiffness are also important.189 Studying the
effects of ECM biological, physical, and chemical effects on
stem cells will help to develop methods that can influence cell
differentiation.190 It was also found that making the surface
architecture and the stiffness properties of the biomaterials
similar to those of certain native tissues favors the differen-
tiation of the stem cells to cells specific to these tissues.191

Stem cell fate control is a crucial issue for stem cell re-
search and applications. In a recent study, magnetic nano-
particles were used to guide stem cell differentiation,192

with the help of an externally applied magnetic field that
was used to pull iron oxide particle-laden ESCs together and
form spheroids. Then, opposing magnetic fields were used
to stretch them and lead to cardiac lineage differentiation.
When both physical and chemical factors were combined
and applied to ESC, significantly higher myogenic differ-
entiation was observed.193,194

Differentiation of stem cells into desired cell type is pos-
sible by identifying factors such as matrix microenvironment
and epigenetic mechanisms195 that regulate the fate of stem
cells.190,194,196 For instance, an injectable hydrogel was de-
veloped by using HA, horseradish peroxidase, galactose ox-
idase, and tyramine; it was used as a crosslinker. Experiments
in mice demonstrated the biocompatibility of the material,
which makes it a good candidate for use in biomedical ap-
plications such as tissue engineering applications.197

In a recent study, the porosity of hydrogel biomaterial
was shown to influence MSCs and their response to insulin-
like growth factor-1 (IGF-1).198 Unlike nanoporous alginate
hydrogel, microporous ones could sensitize MSCs to the
growth factor. Adding cell–cell adhesion mediating mole-
cule (N-cadherin) mimicking peptide to nanoporous alginate
added the effect that macroporous had in eliciting MSCs
paracrine activity in response to IGF-1. This demonstrated
the role of physical properties of the biomaterials further,

and also the possibility to influence this by using chemical
ways. Combined, these methods will help us to control the
behavior of stem cells further in the future and tailoring it
toward desired activity and fate, for regenerating desired
tissues.

Advances in cell maturation strategies. There are several
technologies that have been developed to increase cell
maturation by using electrical and physical cues. For influ-
encing cell maturation, physical cues such as surface
patterning199 or mechanical stretching200 have been inves-
tigated. For example, physical conditioning of cardiomyo-
cytes (both primary myocytes and human pluripotent stem
cell-derived cardiomyocytes) embedded in a collagen hy-
drogel was achieved by using an automated stretch de-
vice.200 More recently, the effect of electrical stimulation on
cell maturation and the differentiation of human induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)
was investigated.201 It was found that the application of
electrical stimulation during cell differentiation makes
hiPSC-CMs behave similar to cardiac cells. It was demon-
strated that hiPSC-CMs derived by using electromechanical
stimulation can be used to engineer heart tissue.202 In fact,
the maturation of early stage cardiomyocytes was achieved
by using electrical stimulation for two weeks in the presence
of various growth factors. This area represents an advancing
frontier in tissue engineering, and it is worth investigating
further to also look at the outcome of in vivo applications
of cells matured using electrical stimulation.

In another recent study, electrical stimulation of neonatal
rat cardiomyocyte-embedded in gelatin hydrogel led to their
maturation.203 It was also shown that the organization of the
cells within the gelatin hydrogels was improved by em-
ploying this strategy. For skeletal muscle tissue engineering,
a gelatin-carboxymethyl cellulose biomaterial was com-
bined with carbon nanotubes to increase electrical properties
of the biomaterial.204 Electric pulse stimulation was applied
and led to enhanced myogenic differentiation and matura-
tion of C2C12 myoblasts to form a skeletal muscle tissue.

Advances in culture systems and their application
in tissue engineering

Cell culture is an important and integral part of ex vivo
tissue engineering. Because of the rarity of certain cell types
in the human body and the potential donor site morbidity
associated with the retrieval of cells in large numbers,22,205

cells are propagated outside the body in an environment that
can provide nutrients and possible stimulation of cells to
proliferate, differentiate, and function.22 This is carried out
using static or dynamic culture methods. In recent years,
there have been advances in cell culture methods such as
3D, 4D, and microfluidic OoC culture systems. Significant
progress has been made in these areas, and therefore, they
will be highlighted in this section.

Advances in cell culture microenvironment. The most
common drawback of any of cell culture techniques is the
need to use media, which may contain animal serum. There
is evidence that fetal serum could be the source of endo-
toxins, mycoplasma, or viral contaminants.206 Also, the
serum itself has ECM components that may alter the cell
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expression of proteins. Human autologous serum can alter-
natively be used, and it has been shown to be equivalent to
fetal animal sera. However, it is often difficult to isolate
human autologous serum in sufficient quantities, especially
for use in prolonged and large-scale applications.207 Serum-
free media tend to substitute individual key components
found in serum-containing media, which can be a safer
approach.208

Among the key components, are the growth factors spe-
cific for the stem cell type and tissue culture application. For
instance, Hasegawa and colleagues have created a medium
for stem cell culture containing a replacement of wnt with a
GSK3b and NFAT inhibitor.209 Despite significant progress
made with serum-free media, the use of new approaches for
the elimination of protein from the media will make this
technology more cost-effective and possible to scale up.

Other parameters of cell culture such as temperature
can also be used to influence cells, for example, improv-
ing adipogenic differentiation.210 Another area of interest
is the co-cultivation induction, where the concomitant
culture of stem cells and committed cells is carried out.
This technique has been shown to upregulate the proper-
ties of the stem cells and to induce a ‘‘physiologic’’ dif-
ferentiation process without the need for the use of
morphogens and other differentiation induction media. In
a recent study, cardiomyocytes were cultured together
with iPSCs, and it was found that older cardiomyocytes
serve as an adequate inducer for stem cell differentiation,
recapitulating the environment necessary for cardiac cell
differentiation.211

Imprinted micropatterns on the surface of plates allow cell-
to-cell adhesion and determine the formation and character-
istics of the culture. This approach has seen several potential
applications. For example, the use of micropatterned surfaces
allowed homogenous stem cell differentiation to chon-
drocytes.212 In another study, a 3D micropatterned plate was
used to culture hepatic endoderm iPSCs.213 The cells quickly
reaggregated and formed hundreds of round-shaped spher-
oids while they efficiently differentiated into hepatocyte-like
cells expressing hepatic gene makers. In addition, growth
factors can be printed in micropatterned surfaces. For ex-
ample, a micropattern-immobilized nerve growth factor na-
nolayer was found to induce neurite growth and regulate
neurite formation.214

Advances in 3D culture. Conventional two-dimensional
(2D) systems are classically used for stem cell culture. Such
culture uses a feeder layer of cells complemented with tissue
culture media supplemented with growth factors or cytokines
containing cues that support cells and drive them to prolif-
erate or differentiate.215 Two-dimensional cultures have
several limitations, including: (1) the deformation of the cells
during culture (flattening and elongation), (2) poor differ-
entiation and cell junction formation, (3) unnatural high
proliferation rates, and (4) significant differences in gene
expression and phenotypes.216 Recent advances in 2D cul-
tures have tried to overcome some of these drawbacks.
Adaptations of the tissue culture biomaterial properties have
been shown to modify cell fate.

On the other hand, 3D culture systems are better at reca-
pitulating in vivo conditions. Several studies showed the ef-
fect of 3D culture systems on improving cell morphology,

proliferation, differentiation, and response to stimuli.217

Three-dimensional culture could be divided into either
anchorage-dependent (scaffold-based) or anchorage-
independent ones using specialized 3D platforms.218 The
former can benefit from recent advances in processing tech-
niques mentioned earlier, such as 3D bioprinting20,219,220 and
electrospinning,221,222 to create complex structures.223 Such
cell culture models should mimic cells’ natural environment,
providing interactions between the cells and the microenvi-
ronment, nutrients, O2, and waste product removal.

Despite several advantages of 3D over 2D culture, 3D
culture still have some drawbacks such as uneven distribution
of nutrients, growth factors, and O2, which often results in
making cells residing far away from the surface of the matrix
inactive.224 In addition, many tissue-engineered constructs
are looking for regenerative models of culture as opposed to
mature quiescent ECM–cell relationships. Increased costs,
differences in experiment replication, and data interpretation
are additional drawbacks of this type of culture225 that remain
to be addressed in future development activities.

Scaffold-based anchorage-dependent culture techniques
utilize a scaffold of variable architecture ranging from a
simple extracellular-like matrix to complex multilayer
structures. Scaffold selection is largely dependent on the
target tissue to be engineered, advantaging physical factors
providing structural stability and the cellular composition of
the target tissue. Three-dimensional bioprinting has revo-
lutionized the construction of such complex structures.
However, because the development of functional vascula-
ture in transplantable devices has not been achieved, suc-
cessful in vivo applications and clinical translation are
largely affected.

Special 3D anchorage-independent techniques include
the use of a low attachment vessel,226 magnetic levita-
tion,227 or hand-drop technique,228 including the use of
magnetic forces.192 The low attachment plate technique
uses a culture vessel with an ultra-low attachment coating.
Anchorage-independent techniques force cells to aggregate,
form spheres, and subsequently create their own ECM. The
most common form of these techniques is the spheroid
culture, which is used in the engineering of cartilage.229

Magnetic levitation utilizes a magnetic force to levitate
cultured cells mixed with magnetic nanoparticles. This
technique is shown to have reproducible results and to re-
duce necrosis in the spheroid core. Stem cells cultured in
these conditions maintain their properties and remain qui-
escent for subsequent clinical use.230 One area of interest in
anchorage-independent culture is the development of orga-
noids. Organoid formation involves the utilization of a
tissue culture technique that allows self-organizing and self-
renewing of 3D cultures. Organoid cultures have been de-
scribed for several organs, including the kidney, eye, brain,
gut, and lungs.231

More recently, Tseng et al. demonstrated the capacity of
assembling adipospheres from multiple cell types, including
adipose tissue-derived stem cells, endothelial cells, and
leukocytes, that recreate tissue organization.232 This tech-
nique enabled the formation of vessel-like endothelial
structures with lumens and differentiation of unilocular
adipocytes. The hand-drop technique utilizes the self-
aggregation properties of cells when no attachment wall is
found. The cells aggregate to form spheroids, and the
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control of the volume of the cell suspension enables the
control of the spheroid size. The outcome of this type of
cell culture is better as compared with that of static
cultures.

Recently, investigators explored the conversion of adipo-
cytes to cardiomyocytes for application in cardiovascular
tissue engineering.233 In applications for retinal degeneration,
the hand-drop technique was utilized to convert adipocytes to
retinal precursors and showed improved differentiation yield,
with these precursor-like cells responding to glutamate neu-
rotransmitters.234 This technique has been used in many other
preclinical studies, including cartilage repair, bone healing,
and cardiac tissue regeneration.235,236

Four-dimensional culture platforms utilize a complex
3D-bioprinted or imprinted structure with a predetermined
time-dependent dynamic morphological change. This is
achieved by the control and manipulation of the behaviors of
stem cells responding to cues that aim at replicating the to-
pographical and mechano-biological environment of the target
tissue. These systems could find applications in studying tissue
biology and pathophysiology, preclinical testing, and tissue
biofabrication.237–239 As far as tissue engineering is concerned,
the use of 4D culture systems is in its infancy. However, some
promising studies were published. For example, Miao et al.
have utilized this technique to create neural tissue with a time-
dependent self-morphing regulation of neural stem cells that
enhances neural differentiation of cells along with significant
axonal alignment.238 Further studies will be of interest in this
area of research, as it is structurally most replicative of the
regenerative process of healing.

Advances in microfluidic culture systems. Microfluidic
systems are designed for cultures under perfusion, allowing
a continuous supply of O2 and nutrients (Fig. 4). This en-
ables the long-term maintenance of constructs at physio-
logically relevant nutrient supply rates. The use of a
microfluidic-based approach in cartilage regeneration al-
lowed enhanced conjugation of the key growth factor,
transforming growth factor-beta 3 and its sustained re-
lease.240 In another study, biomimetic neural tissue fibers
having hierarchically ordered nerve fibers were created by
using a microfluidic system, which contained a coaxial
triple-channel chip and a stretching loading device.241

Authors reported good performance of the resulting nerve
fibers.

The microfluidic system was also used for the production
of a gene delivery system composed of nanocomplexes of
plasmids encoding for BMP-2 and chitosan.242 The results
demonstrated the potential of using this system for in situ
bone tissue regeneration. Another application of micro-
fluidic systems is the development of OoC platforms, which
aim at reproducing the function of organs or tissues.243,244

Applications of OoC are currently limited to the develop-
ment of basic tissue functions and of certain disease mod-
els,245–247 and it points to new avenues for the study of
novel tissue engineering strategies.

Advances in processing techniques
and their application in tissue engineering

There are several techniques that have been used to de-
velop scaffolds, matrices, or tissue constructs, such as salt

leaching, molding, spinning, freeze-drying,248 solvent cast-
ing and particulate leaching,249 electrospinning,221,222

selective laser sintering and 3D printing,250 and 4D bio-
printing.69 However, we will highlight in this section only
the recent developments in the most advancing frontiers of
fabrication techniques251 (Fig. 5).

Advances in 3D printing. Tissue engineering has adop-
ted the 3D printing technique252 for the fabrication of
scaffolds and later to create cell-laden multi-cellular253 and
complex254 tissue constructs, and the technique was termed
‘‘3D bioprinting.’’ Three-dimensional bioprinting is gaining
increasing popularity, with more companies innovating to
produce 3D bioprinters. The method employs most com-
monly extrusion, inkjet, laser, or stereolithography, with
each of these methods having its own advantages and lim-
itations.25,255 Therefore, new approaches include combining
3D bioprinting with conventional manufacturing methods.
Different combinations of various fabrication techniques
can be used, for example, combining electrospinning with
3D bioprinting256 or 3D printing with 3D bioprinting257,258

to produce advanced scaffolds.
Three-dimensional bioprinting has several advantages

over other tissue engineering techniques.259 It allows the
creation of well-defined, customized structures that mimic
native tissues. These tissues have functional cellular com-
ponents; therefore, cellular migration from the host is not
essential. Further, cellular interaction and key signaling
molecules can be incorporated into the design of the printed
constructs. The overall cost of 3D bioprinting is lower when
compared with currently used graft materials with no donor
site morbidity.260 Host tissue regeneration that occurs in
pace with the degradation of the implanted 3D-bioprinted
construct can hopefully be achieved in future by controlling
material properties of the construct bioink. The field is still
in its infancy, and therefore we expect to still see short-
comings of current 3D bioprinted constructs.

One problem is the choice of the material that can address
both the biology and the anatomy of the tissue to be treated.
A lot of our current understanding of these issues is based on
our experiments on animals, which may make the design of
structures with appropriate properties that fit human tissue
structure and function challenging. Further, several aspects
of the 3D bioprinting process, such as the isolation of cells,
culture conditions, and identification of the signals and
growth factors, need to be considered. Our current inability
to incorporate vasculature and the potential degradation of
the structures limits the success of implanted constructs, and
it requires the attention and development of innovative so-
lutions.259,261,262 There are two areas of 3D bioprinting that
deserve special discussion, the 4D263 and the in situ264,265

bioprinting.
Despite the numerous challenges, in the past decade, an

increasing number of studies were published regarding the
creation of biomimetic constructs for future clinical appli-
cations. The most important applications so far include
skin,266 musculoskeletal267 cardiovascular,268 neural,269 and
other tissues.270 The studies present developments made in
bioinks that are composed of different biomaterials, cell
types, and additives such as growth factors, drugs, or os-
teoconductive elements, which were tested either in vitro or
in vivo.271 In addition, 3D-bioprinted products often have
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significant contributions from established FDA-approved
component parts, including cells, signals, and scaffolds, and
thus the fabrication technique can often produce and amal-
gamate products that incorporate existing technology with a
novel effect. Available evidence is encouraging; however,

we are far from achieving the full complex organ engi-
neering that tissue engineering has promised.

Advances in 4D, in situ, and spheroid printing. Four-
dimensional bioprinting uses smart stimuli-responsive

FIG. 4. (A) Schematic illustration of the design of microfluidic chip that has three parallel gel regions, six gel filling ports,
and two medium channels connected to four medium reservoirs. The device also contains a surrounding vacuum channel.
Scale bar, 2 mm. (B) The device comprises a microfluidic layer on a polydimethylsiloxane membrane featuring two sets of
two capped pillars (inset). The membrane is itself bonded to a coverslip. (C) Schematic illustration showing the final
coculture arrangement: embedded in a hydrogel, muscle bundles that are wrapped around and exerted force to the pillars.
They are innervated by neurospheres, which are placed in the opposite gel chamber separated by a 1-mm-wide gel region.
(D) Schematic illustration showing the differentiation process of the ESCs into motor neurons (MNs). Row 2: Schematic
illustration displaying the top and front views of the tissue in the microfluidic device. Row 3: Three-dimensional illus-
trations showing the version of the device used at the corresponding days. ChR2, and Channelrhodopsin-2; CNTF, ciliary
neurotrophic factor; EBs, embryoid bodies; ESCs, embryonic stem cells; GDNF, glia-derived neurotrophic factors; HS,
horse serum; RA, retinoic acid; SAG, smoothened agonist. Reproduced from Uzel et al.,431 which is an open-access article
distributed under the terms of the Creative Commons Attribution license. Color images are available online.
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materials,18,90 which are programmed to change their
properties and bioactivity over time in response to local or
external stimuli.272 An example of the application of 4D
bioprinting can be in guided nerve generation, using ma-
terials such as graphene hybrid in a 4D construct, which

can provide physical guidance, chemical cues, dynamic
self-entubulation, and seamless integration.273

In addition, in situ bioprinting265 is of great interest. It
employs special hardware and it completely eliminates the
need for ex vivo manipulation of the grafts.264 This approach

FIG. 5. Advances in fabrication techniques for tissue engineering. (A) Three-dimensional printing and electric-field-
assisted techniques can be very useful for 3D construction of tissue defects (1) based on data-derived from imaging such as
computed tomography (2), which is transferred to a design template for 3D bioprinting (4), to produce living constructs (5)
that are transplanted to bridge defects and heal damaged tissue (6). (B) In 3D printing (1–3), layer-by-layer deposition of
polymeric gel results in the formation of predesigned 3D constructs. In the electric-field-assisted technique (5–6), an electric
field is used to control for directing and depositing polymeric fibers. In melt-electrospinning writing (4), both 3D printing
and electric-field-assisted methods are combined. Created with Biorender.com. Color images are available online.
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can find applications in cases where the exact dimensions of
the tissue are not known preoperatively, such as, for example,
after debridement of tissues following trauma, infection, or
cancer resection. Several hand-held265 or scanner-controlled
3D printing devices have been developed and the available
studies show that such structures retain the high resolution of
the 3D bioprinting technique and can match the exact needs
of tissues to be constructed.274

Spheroids were recently used as building blocks of con-
structs that were produced by 3D bioprinting. In this
method, spheroids are sucked in, and then released in a
controlled fashion. This approach tries to lend develop-
mental biology approaches. This technique will allow the
development of 3D constructs using biomaterial-free
bioinks and precise deposition of spheroids into the resulting
construct.275 It was also possible to use spheroid-based 3D
bioprinting in combination with the freeform 3D bioprinting
method that enabled patterning of the printed spheroids into
the desired shape of constructs (Fig. 6A).276

Advances in other processing techniques. Electro-
spinning is a versatile technique relying on the use of an
electric field to produce thin micro- and nanofibers277 that
can also be combined with drugs.222,278,279 This technique
has also been used for some time to produce nanofiber-based
scaffolds that mimic ECM in several aspects and explored
for the engineering of various tissue constructs277,280 such as
bone,281 cartilage,282 nerve conduits,283 blood vessels,284

skin,24 and other tissues. In addition to its use for ex vivo tissue
engineering, electrospinning was also experimented for in situ
applications, for example, for the treatment of skin wounds24

and for ocular drug delivery.285

Different materials have been utilized for electrospinning,
and various modifications of the technique of the spinning
process have been developed to allow for combining the
benefits and properties of more than one material.286 For
example, in coaxial electrospinning, it is possible to use a
material in the core and a different one in the shell that can
have different degradation profiles and can be loaded with
different molecules or drugs.287 Examples of the successful
use of co-axial287 and triaxial288 electrospinning techniques
include the engineering of osteochondral tissues.289 Among
the interesting recent advances in electrospinning is cell-laden
electrospinning (Fig. 6B), in which muscle cells were en-
capsulated in fibrin.290 It has been found that incorporating
these cells and modifying electrospinning conditions signifi-
cantly enhanced cell viability under a 4.5 kV electric field.

Another advancing frontier involves the use of electro-
spinning in combination with 3D printing and bioprinting
to bring in various properties, such as reinforcement, to
improve the mechanical properties of the resulting 3D-
bioprinted constructs.291 In addition, combining electro-
spinning with 3D printing provides a microporous structure
that can enhance cell proliferation and infiltration of the
structure292 (Fig. 6C). Further, more control over the process
of fiber laying of electrospinning, which classically ran-
domly falls on the collecting surface, enabled the use of the
techniques in a similar way as 3D printing.293 Once this is
well controlled, it can be one form of 3D printing and
bioprinting in future, used on its own.

In addition, melt-spinning has been used for tissue engi-
neering.294 Melt electrospinning-based printing is an

emerging printing technique that can print fibers with dia-
meter in the range of nanometers, providing a high degree of
resolution, porosity, and pore interconnectivity.295–297 For
example, Brown et al. combined melt electrospinning with a
digitally controlled collector and developed a new class of
3D printer called melt-electrospinning writing (MEW),
which enabled the deposition of well-defined filaments.298

The MEW has the advantage of avoiding problems related
to solvents that are used in conventional electrospinning.299

Recently, and for the first time it was possible to have
automated coupled melt-electrospinning and melt-
electrowriting, by using a modified elongated nozzle to
direct-write melt-electrospun polymeric thin fibers onto a
collection surface.300 In one interesting development, mul-
tilayers were developed by electrospinning, and layers have
complementary moieties that lead to the formation of co-
valent bonds (such as hydrazide and aldehyde groups) be-
tween electrospun fibers when they are brought together
under mechanical loading.301 The technique can be useful in
tissue engineering of advanced structures in future, which
can become stronger on exposure to stress, for example,
blood vessel engineering,284 guided nerve regeneration,283

or tendon282 and ligament engineering.302

All these advances open new avenues and application
territories of the techniques and provide us with more op-
tions and versatility toward mimicking the complexity and
heterogeneity of the native tissues to be engineered, by
combining various processing techniques. With these novel
approaches, we come one step closer toward developing
successful engineered constructs, ex vivo or in situ.

Translational advances in tissue engineering

Successful transfer of technology from bench to industrial
production of engineered tissue products has been progres-
sive, but slow, in part because the clinicians often do not have
embedded design and architecture input to the early stage
tissue engineered constructs. Although there was a bolus of
products, primarily focused on engineered skin tissue, that
was approved in the late 1990s and early 2000s,303 only a few
products have subsequently emerged.303 Although a few in-
dividuals have gained expertise in translating basic tissue
engineering research to commercial products, researchers in
the field of tissue engineering and regenerative medicine
(TERM), overall, lack experience in translational sciences.
One factor that may highlight the impact and enable faster
commercial translation is academic–industry partnerships
among tissue engineers, clinical investigators, clinicians, and
industry partners.

Advances in clinical translation

Influencing factors. Clinical translation is affected by
several factors that are related to the technology, approval,
and acceptance by doctors304,305 and patients.305 Although
there have been advances in the field, clinical translation has
been limited, not because of science or technology, but
largely due to factors including scalability, cost, regulatory
issues, and uptake.305 There are engineered tissue products
that are in clinical use or are moving toward clinical
translation such as skin, cartilage, bone, vascular grafts,
cardiac tissues, and bladder.305,306 More complex structures
such as heart, lung, liver, and kidney have been recreated
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FIG. 6. Various fabrication techniques for tissue engineering constructs. (A) Use of mesenchymal stem cell spheroids to
3D bioprint a helix shape (i), Penn State University initials (ii), 5-layer tubular structures (iii), and double helix-shape
constructs (iv). One hundred fifty micrometers (F-actin) and 450mm (Hoechst) in radius in 1.2% Carbopol yield-stress gel.
Magnified zone is indicated by dashed red line. Reproduced from Ayan et al.,276 which is licensed under a Creative
Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). (B) Cell-electrospinning
process with the processing parameters. Reproduced from Hong et al.,432 which is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/
4.0/). (C) Combined electrospinning and 3D printing. (i) Schematic illustration of the composite scaffold with electro-
spinning and 3D printing. Step (1) polymer polycaprolactone was used to 3D print the constructs and electrospinning to
produce nanofibers, resulting in the formation of dual-scale scaffolds. Created with Biorender.com. Scanning electron
microscope images of the scaffolds that were produced by using 3D printing (ii) and dual-scale scaffolds that were produced
by using electrospinning and 3D printing (iii) (scale bar = 300mm). Confocal laser scanning microscopy images of the
scaffolds that were produced by using 3D printing (iv) and dual-scale scaffolds that were produced by using electrospinning
and 3D printing (v) (scale bar = 300mm). Reproduced from Vyas et al.,433 which is an open access article distributed under
the terms of the Creative Commons CC BY license (ii–v). (D) Intravital 3D bioprinting, which is carried out by injecting a
solution of the polymer into a certain tissue site to be treated in a living body. In this example, a two-photon excitation is
used for the construction of a 3D object by gelating the polymer solution, and object intravital imaging is used for
identification. Created with Biorender.com. Color images are available online.
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and are still in preclinical animal studies. Clinical translation
of complex structures and whole organs face a completely
different set of challenges.305

Acellular products. Successful clinical applications of
engineered tissue products have flourished in the past
couple of decades,304 and they were approved by the
United States FDA, for example, Integra for skin and
INFUSE for bone regeneration.76,307,308 The former is
composed of collagen, glycosaminoglycans, and poly-
siloxane, and it was approved by FDA in 2002 for use in
the treatment of burns307 and then for the treatment of
diabetic foot ulcers in 2016.309 INFUSE is a BMP2-
containing collagen sponge that was also approved by the
FDA in 2002 for use in lumbar fusion.310 In addition to
these biomaterials, the FDA has also approved native-
tissue derived ECM for application in the treatment of
complex wounds311 and nerve regeneration.312

Currently, there are several clinical trials exploring the use
of materials in achieving in situ regeneration of nervous,10,313

cardiac,314 and musculoskeletal315 tissues. The Humacyte
acellular vascular graft, which is made by laying smooth
ECM on PGA with cultured smooth muscle cells that are
subsequently removed from the graft,316 is now in an open-
label, nonrandomized, phase II clinical trial317 for patients
with life-threatening limb or torso vascular trauma. The pri-
mary outcome measures include primary graft patency along
with frequency and severity of adverse outcomes.

For cartilage and osteochondral repair, TruFit and
MaioRegen acellular devices have been developed. TruFit is
composed of a PLGA, 10% calcium sulfate, PGA fibers, and
surfactant and is used for cartilage repair.318 Unfortunately,
a 2-year clinical study showed no significant improvement
in knee scores.319 Compared with autologous osteochondral
transplantation, knee scores were worse in the group that
received TruFit.320 Other clinical studies with TruFit
showed improvement in symptoms and radiologic outcomes
but lack direct comparison with conventional surgical car-
tilage repair techniques.321,322 Although there was excite-
ment with MaioRegen (a three-layer scaffold composed of
collagen I and hydroxyapatite) for the treatment of os-
teochondral lesions when medium-term results showed
significant improvement of knee scores,323 the 5-year results
showed failure of repair.324

Cellular products. Several notable cellular products
have been approved by the FDA. In 1997, TransCyte,
which is composed of fibroblasts and nylon mesh,325 was
approved for the treatment of burns.326 In 1998, Apligraf,
which is composed of fibroblasts, keratinocytes, and
collagen matrix,327 and another product for the treatment
of skin venous ulcers328 were approved. For the treatment
of nonhealing diabetic foot ulcers,329 in 2001, the FDA
approved Dermagraft, a construct made from a synthetic
polymer, PGA with fibroblasts. OrCel is a collagen
sponge-based scaffold seeded with keratinocytes and fi-
broblasts, which was used in the treatment of burns.330

Laserskin and Hyalograft are hyaluronan-based matrices
seeded with fibroblasts and keratinocytes, which were
used in the treatment of diabetic foot ulcers331 and
chronic wounds of the lower extremity.332 Matriderm� is
an acellular matrix composed of coupled collagen and

elastin,333 which can be seeded with fibroblasts and
keratinocytes and used for the treatment of full-thickness
skin loss.333

Most of the identified cellularized products are for skin
regeneration.334 Although these products are very valuable,
it is also important to develop and test cellular products for
the treatment of tissues with much less intrinsic regener-
ative capacity such as the heart.335 Even though many of
these products have not yet been approved or are not
widely utilized in the field, it is important to mention that
an iPSC-derived cell sheet based product (TERUMO BCT)
for the treatment of heart failure was developed, but it has
not yet been approved by the FDA.336 This cellular therapy
may have a major impact on the treatment of heart failure,
which constitutes one of the major causes of mortality in
the world.337

Autologous cellular products. The FDA-approved autol-
ogous cell-based products include matrix-assisted autolo-
gous chondrocyte implantation (MACI), which is composed
of matrix and chondrocytes and used for the treatment of
full-thickness cartilage defects, and they were approved in
2001.76,307 Since 2001, several MACI products have been
commercialized,318 including BioSeed�-C338 and Hyalo-
graft� C.339 Fibrin glue is used in BioSeed as a cell carrier,
and polyglactin 910/poly-p-dioxanone fleece is used as a
scaffold. Significant benefits were demonstrated in clinical
studies.338,340 Hyalograft C, which uses HA as a matrix, has
been investigated in 28 trials. Relative to microfracture
therapy, Hyalograft C showed improved patient scores.318

However, Hyalograft C did not undergo a phase III clinical
trial and was withdrawn from the market318 due to problems
with manufacturing practices and comparative studies.341

Other MACI products available outside of the United
States include CaReS�, which uses collagen type I hydrogel
seeded with autologous chondrocytes. The results of a
prospective multicenter clinical trial in 116 patients (49
women and 67 men; mean age, 32.5 – 8.9 years) demon-
strated significant improvement in the knee scores at 12–60
months after treatment with CaReS; there was a significant
reduction in global pain scores and an improvement in the
health-related quality of life (SF-36) scores.342

In 2017, phase III clinical trial of another MACI product,
NeoCart�, was completed. NeoCart relies on the use of type
I collagen scaffold.343 At the 5-year follow-up, although
magnetic resonance imaging showed significant improve-
ments from earlier follow-up time points, subchondral bone
lesions were seen in 80% of patients. NOVOCART� 3D, a
third-generation ACI, employs type I/III collagen biphasic
scaffolds344; clinical trials have been performed.345 and
phase III clinical trials are in progress.346–349 One report
showed significantly improved knee scores from the pre-
operative state.350 NOVOCART 3D may serve as the
treatment of choice for children and adolescents.351

Several other engineered tissues reached the clinical
testing stage but faced several challenges. In 2010, tissue-
engineered trachea that employed a decellularized allo-
graft352 along with autologous MSCs was implanted into a
12-year-old boy.353 Though successful, full restoration of
the biomechanical properties of the trachea took a long time
(18 months). Bladder tissue reconstruction was another
success.
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In 2005, Atala et al. reported implantation of engineered
bladder in patients needing cystoplasty for end-stage bladder
disease.354 Collagen or PGA-collagen scaffolds were seeded
with the patient’s own bladder cells. Unfortunately, a phase II
study consisting of children with neurogenic bladder resulting
from spina bifida showed no functional improvement in
bladder compliance or capacity and the prevalence of serious
adverse events prevented further development.355 The per-
formance of the engineered bladder is still far from replacing
that conventional use of gastrointestinal tissue for augmen-
tation cystoplasty.306 As a result, a combination of techniques
with neurovascular muscle transfer and tissue engineering
was proposed.356 The common thread is that neovascular-
ization had to occur in vivo on the construct, because the
vascular component of tissue engineering is not optimized.

However, some clinical success was seen in large vessel
tissue engineering related to congenital heart disease. In one
patient, tissue-engineered pulmonary artery using PCL–PLA
copolymer (weight ratio, 1:1) reinforced with woven PGA
tubular scaffolds and seeded with autologous peripheral
vein-derived cells was found to be successful, and follow-
up at seven months showed no evidence of graft occlusion
or aneurysms.357

Later, the same group showed both safety and absence of
adverse events at four years in a cohort of 25 patients with
congenital heart disease who had extracardiac total cavo-
pulmonary surgeries with tissue-engineered vascular grafts
serving as conduits.358 One major challenge hindering
clinical application of engineered vessel grafts is related to
standardizing the engineered parameters such as scaffold
structure and materials, for which 3D printing may offer
solutions in terms of reproducibility.306 Another interesting
product is Holoclar�, which employs autologous stem cells
that are cultured on a fibrin matrix and transplanted to treat
damaged outer layer of the cornea; Holoclar was approved
by the European Commission in 2015.306,359,360

Biomaterial-free cellular products. Biomaterial-free cel-
lular grafts have also been tested in patients. In one case
report, iPSC-derived retinal pigment epithelial (RPE) sheets
were used in the treatment of age-related macular degen-
eration (AMD) of a 70-year-old woman.361 Two phase I/II
clinical studies have been conducted to assess the safety and
tolerability of ESC-derived RPEs in the treatment of Star-
gardt’s disease (n = 9 patients) and patients with AMD
(n = 9) and provided first evidence of medium- to long-term
safety, graft survival, and possible biological activity of
these cells. No evidence of adverse proliferation or rejection
was seen in these patients who were followed up for a
median duration of 22 months.362

Three-dimensional bioprinted products. There are op-
portunities for translating 3D bioprinting technologies into
the clinic. However, there remain significant challenges and
limitations that need to be addressed. Some challenges in-
clude the production of tissue constructs that have a clini-
cally relevant size, function, and vascularization.363 Tissues
such as cartilage, bone, and skin are more feasible than
complex tissues such as the myocardium. The physiologic
components and functional requirements necessary for
mimicking native tissues are significantly more challenging
to engineer. Successful engineering of complex tissues re-

quires time, development of multicomponent bioinks,271 and
improvements in materials, cell sourcing, and fabrication
techniques.363 Scalability and costs are added barriers. To
the best of our knowledge, there are no 3D-bioprinted
products currently undergoing clinical testing. To advance
translational aspects of 3D printing and bioprinting, we have
organized sessions in the Annual meeting of the Society for
Biomaterials, 2019 and World Biomaterials Congress 2020.

Industrial translational advances. Product concepts in
the TERM field are challenging. Despite promising clinical
outcomes,364 many therapeutics have limited insight into the
target mechanism of action. This, in turn, leads to a poor
understanding of the critical quality attributes that function,
in part, to gauge acceptable levels of variability, either in-
herent to the biology or due to the process.365 Further, a
critical eye needs to be kept on the efficacy and approach to
developing therapies given the cost of resources for devel-
opment and translation to the clinic.364

Many initial product concepts emerge from basic science
research, largely supported by federal grants from the
National Institutes of Health (NIH) and National Science
Foundation (NSF). These funding mechanisms explicitly
favor innovation, which may come at the cost of advancing
simpler effective approaches. In addition, for some areas,
the patent landscape is crowded and complicated requiring
some product concepts to needlessly contort to remain un-
conflicted.366 The ultimate goal, however, is to develop a
therapeutic that has a clear increase in efficacy over the
standard of care,367 but if not careful the long path of
translation may induce drift away from that goal.

As these products move from concept to realization, there are
a host of business-related challenges that emerge.368 Even an
efficacious approach needs to have a tenable business model to
be ubiquitously and consistently available to patients. If the
process to manufacture the product is not scalable, only a
limited number of patients can benefit from the product. Fur-
ther, if the financial models for generating the product, looking
at both cost of goods and reimbursement levels, are not fa-
vorable, then eventually no corporate entity can support pro-
duction. These considerations are often taken too late, leading
to false starts as we try to develop therapies for aiding patients.

Limitations in supporting production infrastructure
also comprise a concern for the nascent TERM industry.
Although some larger corporations will develop full
manufacturing and testing facilities internally, widespread
translation will require contract organizations to support
smaller businesses. However, there is a paucity of Contract
Manufacturing Organizations (CMOs) and Contract Testing
Organizations (CTOs) that are experienced in the technical
aspects unique to the TERM field. In particular, the robust
workforce for manufacturing and testing for this field is
lacking. Fortunately, efforts by academic programs have
recently emerged to address the specialized workforce re-
quired production.369

Another production concern is the availability of proper
raw materials. For example, the lack of specialized cyto-
kines and biomaterials that are cGMP grade will remain an
issue until the demand for enough is established.370 Even for
raw materials shared with other more established industries,
such as Pharma, the TERM industry does not currently re-
quire the scale of material to provide the leverage needed to
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implement common supply chain strategies, in turn affect-
ing the cost of goods. Unfortunately, only as more TERM
products are translated toward the commercial scale will
these resource issues be more fully addressed.

The challenges for the translation of TERM products
include issues from tenable product concepts to
manufacturing issues to regulatory hurdles.371 One of the
major hurdles in getting TERM products to the clinic has
been the time for regulatory review and approval in the
United States.304 The FDA has developed programs to ac-
celerate the process, including the Regenerative Medicine
Advanced Therapy (RMAT) designation, which was en-
acted in the 21st Century Cures Act in December 2016.372

The RMAT designation applies to those regenerative med-
icine therapies that target serious or life-threatening condi-
tions and has the potential to address unmet medical needs.
Although this relatively new regulatory pathway will help
ease one obstacle, many practical challenges still exist in
commercializing TERM products. Only as the field contin-
ues to forge forward will some of these issues be overcome.
Continued discussions among the community, such as ones
at the TERMIS meetings, are critical for identifying the
problems and sharing the solutions.

Challenges and Future Directions

There are already more than 100,000 publications and
9000 patents in the field of tissue engineering,371 but many
bottlenecks still exist at the translational interface. At this
time, the pipeline for academic–industry collaborations with
active participation by clinical investigators and clinicians is
underdeveloped. Additional efforts in tissue engineering
need to address both the scientific challenges and transla-
tional potential to achieve synergistic success that will have
an impactful benefit on patients in the clinic.

One of the most important challenges in tissue engi-
neering has been the death of cells in the scaffolds after their
implantation in the body.365 Cells can survive on diffusion
only at a distance of *100–200 mm away from the source
of nutrient supply.373 Because angiogenesis takes time,374

various strategies have been explored to provide cells in the
engineered tissue with essential nutrients and O2 while
awaiting new vessel formation.375–377 One strategy that has
been developed recently is to deliver O2 into the engineered
tissues by using O2-generating biomaterials,378 which have
been shown to be also effective when they are used as a part
of 3D-bioprinted tissue constructs.379

To enhance angiogenesis, accurate cell positioning in
printed constructs380 and angiogenic growth factors381 can
play important roles to avoid failure of engineered tissues382

or implanted constructs.383,384 To ensure continued blood
supply to engineered constructs, strategies for vasculariza-
tion,375,385 or prevascularization of scaffolds through the
use of microsurgery were investigated.377 The need for a
functional vascular network increases with the complexity
and size of the target tissue or organ. These vascular net-
works could be used to support the grafts during the im-
mediate postfabrication period.

Although many of the early tissue engineering experiments
were proof-of-concept and demonstrated function,386 they
were mostly carried out in immune-deficient animals387

where normal immune reactions are not functional. After

implantation in immunocompetent animals, immune response
to the construct is a challenging problem.388 This response
includes nonspecific inflammatory reactions to matrix mate-
rials and possible reactions to allogeneic cells.389

Various strategies to address these issues have been de-
veloped, such as the use of autologous cells and the use of
biocompatible materials. In addition, the exploration of
autologous native ECM derived materials has been pur-
sued.390 The use of immune reaction modulating agents
such as anti-inflammatory agents391–393 embedded or inte-
grated with the biomaterial has been explored for optimizing
reactions toward implanted biodegradable materials. Fur-
ther, cellular constructs that have no foreign materials added
represent an interesting approach.394 Recent developments
in the use of in situ tissue regeneration can be used as an
alternative to ex vivo engineering, and it will help to avoid
many of the current problems associated with the ex vivo
engineering approach.395

Successful results of tissue engineering were demonstrated
in early short- to medium-term animal experiments. Later, it
was shown that function cannot be always sustained, such as
it was seen in experiments with pancreatic endocrine396 and
liver tissue engineering.397 Therefore, strategies to enhance
the survival and function of implanted engineered tissue
constructs were investigated.398 Durability of the implanted
engineered tissue constructs is an important aspect, and long-
term studies are required to demonstrate this. In vivo imag-
ing399 and cell tracking400 have recently evolved and they
enable better evaluation and monitoring during the post-
implantation period. Sensor technology is an emerging area
that can be taken as an enabling tool to advance our cap-
abilities in monitoring our implants further and pursue timely
intervention if needed.401,402

Many of the engineered tissues are small in size because
of limitation, partly imposed by difficulty in providing
nourishment to deeper parts of the engineered tissue con-
structs and required vascularization for larger-sized con-
structs. Even with the most recent developments in the use
of 3D bioprinting for engineering tissues, the production
of clinically relevant sizes of constructs remains a chal-
lenge.258 Some strategies have been developed to address
this, such as the printing of supportive structures258 or
printing into a supportive sacrificial material.403 The latter is
hoped to help produce larger constructs. It remains, however, to
get mechanically stable constructs that can preserve their
physical characteristics and mechanical properties for a time
enough to support tissues while they are in the healing stage.
Most challenges in this sense are related to constructs intended
for use in hard tissue such as the bone. Important strategies can
be sought by combining acellular frames and scaffolds with
cellular constructs, as has been suggested earlier.20

The use of engineered tissue products may be associated
with safety issues related to cell, material, and molecule
sources, during retrieval, processing, storage, transport, and
application phases.255,404 Ethical issues are especially re-
lated to the source of cells, for example, xenogeneic grafts,
chimeric constructs, or ESCs.405 Also, aspects related to the
use of stem cell therapies that are risky, untested, and un-
proven scientifically by unregulated clinics need to be ad-
dressed.406 Further, ethical aspects related to applications
and making the therapy available when needed and for pa-
tients who need it are important, given the lack of

650 ASHAMMAKHI ET AL.



availability of sufficient organs and tissues needed to pro-
vide vital functions and reduce the death of patients on the
waiting list.407 Ethical aspects related to clinical trials
should be properly analyzed and addressed. In clinical trials,
it is sometimes difficult to design appropriate control groups
because of ethical reasons, and therefore, results should be
evaluated accordingly, and so also when applications are
submitted for approval by regulatory bodies.

Because of financial reasons or the availability of other
therapeutic alternatives, health service providers and insur-
ance companies may not provide or approve engineered
tissue products, which imposes another challenge facing
wider application of engineered tissues. In addition, accep-
tance by doctors408 and patients is also an important factor
that will influence the future of the use of engineered tissue
therapeutics. Wider clinical application will, thus, be influ-
enced by patient education, marketing, safety, and efficacy
proof. Influencing factors will also include safety, efficacy,
and price as well as coverage of the products by insurance
companies for defined indications, where alternatives are not
available, inefficient, or more expensive. It is clear that there
is a niche for engineered tissue products in certain clinical
indications, for example, skin for the treatment of face le-
sions, younger patients, and large burn wounds.409

In the future, we expect to see more of in situ tissue
engineering that can be accomplished by creating an envi-
ronment in vivo that stimulates an individual’s own resident
cells to achieve regeneration. This can be achieved via
various approaches that may employ bioresponsive materi-
als to influence immune cells, progenitors, or stem cells, or
utilize transcription factors and RNA-based strategies to
reprogram cells.16 Further, the use of in situ264,265 and in-
travital410 (Fig. 6D) 3D bioprinting will advance our cap-
abilities further toward achieving less or minimally invasive
delivery of regenerative therapeutics.76

Using iPSCs411 and stem cell-derived EVs,412 as well as
customized implants using 3D printing413,414 allows for the
development of more customized and personalized treat-
ment modalities in the future. There is a significant need for
the development of autologous endocrine tissues, for ex-
ample, for the treatment of diabetes,396 and for musculo-
skeletal tissues that are important for craniomaxillofacial
reconstruction,397 which can be addressed by using these
new tissue and cellular engineering approaches.

One advancing frontier is related to the use of electro-
conductive materials for tissue engineering, which can be
useful in many applications such as neural tissue engineer-
ing.415,416 Care of the patients will be advanced by inte-
grating capabilities of sensors and actuators; communication
and remote control, which will enable real-time monitoring
of implanted constructs and timely intervention by provid-
ing the right treatment at the right time.417 Diagnosis, design
of treatment, installation of implants, follow-up, and opti-
mization will benefit from advances made through the In-
ternet of Things.418

Advances in microfluidic OoC systems245 have led to the
publication of several experiments on studying tissues, de-
veloping disease models, and testing drugs.419 However,
their use for advancing tissue engineering for the purpose of
regenerative medicine needs still to be harnessed and there
are many untapped opportunities to be explored. In addition,
OoC systems will enhance our ability to perform cell culture

studies in a 3D dynamic environment, which makes it
possible to mimic the in vivo microenvironment.243 Growth
and spread of cells can be monitored in a controlled manner
on microstructures created with 3D printers, and it can be
possible to mimic the real-time events.420 Further, the use of
such advanced in vitro systems will allow us to also test and
decide on the ideal cell type for use in the engineering of
certain tissues and defined clinical applications.

Next-generation studies in tissue engineering applica-
tions will be especially focused on the use of smart bio-
materials,421–423 stem cell studies,424 development of
nanotechnology, new biofabrication techniques, and the
integration of advances made in synthetic biology.425,426

Especially with increasing studies and published results on
stem cells, it will become easier to imitate target tissues
and organs.427 Further studies in the area would allow
overcoming the safety and efficacy concerns encountered
with many stem cell types, such as the iPSCs and MSCs.
Methodologies to isolate, ex vivo manipulate, and culture
these cells need further evaluation.428

In tissue engineering applications, the selection and design
of biomaterials that are suitable for target tissue and organ is
one of the most important issues. In addition, the harmony
and integrity of the cells with biomaterials have made the use
of biological materials as scaffolds useful for the integration
of organs with 3D systems.429 In this context, the most im-
portant issue will be to increase the use of technological
applications such as computer modeling, artificial intelli-
gence, OoC platforms, and 3D printing for understanding the
interactions of cells and tissues with biomaterials in vivo.
Thus, it will be possible to use the new-generation biocom-
patible smart materials in tissue engineering applications and
to meet patient requirements in real time.305

Conclusions

Overall, it can be concluded that our current armamen-
tarium in tissue engineering has made different advances at
different levels, including biomaterials, stem cell technolo-
gies, fabrication techniques, industrial production innova-
tion, and clinical applications. Through the integration of
these facets by multidisciplinary teams with sustained
funding, future developments should lead to optimized tis-
sue constructs, successful products, and wider adoption for
clinical application.
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Weber, P., Pietschmann, M.F., and Müller, P.E. Matrix
based autologous chondrocyte implantation in children
and adolescents: a match paired analysis in a follow-up
over three years post-operation. Int Orthop 41, 343, 2017.

352. Baiguera, S., Jungebluth, P., Burns, A., et al. Tissue en-
gineered human tracheas for in vivo implantation. Bio-
materials 31, 8931, 2010.

353. Elliott, M.J., De Coppi, P., Speggiorin, S., et al. Stem-cell-
based, tissue engineered tracheal replacement in a child: a
2-year follow-up study. Lancet 380, 994, 2012.

354. Atala, A., Bauer, S.B., Soker, S., Yoo, J.J., and Retik,
A.B. Tissue-engineered autologous bladders for patients
needing cystoplasty. Lancet 367, 1241, 2006.

355. Joseph, D.B., Borer, J.G., De Filippo, R.E., Hodges, S.J.,
and McLorie, G.A. Autologous cell seeded biodegradable
scaffold for augmentation cystoplasty: phase II study in

children and adolescents with spina bifida. J Urol 191,
1389, 2014.

356. Stenzl, A., Ninkovic, M., Ashammakhi, N., Eder, I.E., and
Bartsch, G. [Reconstruction of the lower urinary tract.
Developments at the beginning of a new century]. Urologe
A 40, 368, 2001.

357. Shin’oka T, Imai, Y., and Ikada, Y. Transplantation of a
tissue-engineered pulmonary artery. N Engl J Med 344,
532, 2001.

358. Kurobe, H., Maxfield, M.W., Breuer, C.K., and Shinoka,
T. Concise review: tissue-engineered vascular grafts for
cardiac surgery: past, present, and future. Stem Cells
Transl Med 1, 566, 2012.
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