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Abstract

The goal of tissue engineering is to mitigate the critical shortage of donor
organs via in vitro fabrication of functional biological structures. Tissue en-
gineering is one of the most prominent examples of interdisciplinary fields,
where scientists with different backgrounds work together to boost the qual-
ity of life by addressing critical health issues. Many different fields, such
as developmental and molecular biology, as well as technologies, such as
micro- and nanotechnologies and additive manufacturing, have been inte-
gral for advancing the field of tissue engineering. Over the past 20 years,
spectacular advancements have been achieved to harness nature’s ability to
cure diseased tissues and organs. Patients have received laboratory-grown
tissues and organs made out of their own cells, thus eliminating the risk
of rejection. However, challenges remain when addressing more complex
solid organs such as the heart, liver, and kidney. Herein, we review recent
accomplishments as well as challenges that must be addressed in the field of
tissue engineering and provide a perspective regarding strategies in further
development.
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INTRODUCTION

Tissue engineering requires comprehensive efforts to combine engineering and physical sciences
with life sciences for the purpose of restoring, replacing, or improving the function of damaged
tissues and organs (1, 2). Tissue and organ failure due to injury or disease is considered a major
healthcare challenge (3). Until the second half of the twentieth century, there were no suitable
remedies for patients with dysfunctional organs. In 1954, Joseph Murray (1990’s Nobel Laureate
in Medicine) performed the first successful organ implantation, transplanting a healthy kidney do-
nated by Ronald Herrick into his identical twin brother, Richard (4-6). In that procedure, the risk
of an adverse immune response was eliminated because the donor and recipient were genetically
identical. Five years later, Murray performed the world’s first successful organ transplant between
genetically nonidentical individuals (7). Many people’s lives have been saved with organ transplan-
tation as a result of Murray’s pioneering operations. Nevertheless, the increasing number of people
on transplant waiting lists, the shortage of organ donors, and an aging population necessitate the
development of novel methods to restore the function of damaged organs and tissues (8). According
to US Department of Health and Human Services (https://optn.transplant.hrsa.gov), an indi-
vidual isadded to the National Transplant Waiting Listin the United States every ten minutes, and
22 people die each day while waiting for a transplant. The goal of tissue engineering is to mitigate
the critical shortage of donor organs via in vitro fabrication of functional biological structures.

In tissue engineering, basic design approaches include cell structures only, cells and scaffolds,
and scaffolds only (9). Autografts, allografts, and xenografts are biological constructs built from a
patient’s own cells, from another genetically nonidentical individual, and from a nonhuman animal
species, respectively (10). Scaffolds are made of natural (e.g., collagen, decellularized matrices) or
synthetic materials and are intended to replicate the natural three-dimensional (3D) environment,
i.e., the extracellular matrix (ECM), so that cells can proliferate and organize into tissues or organs
that can maintain their specialized configurations and their morphologies (2). Scaffolds must be
compatible with both the tissue-specific cell types and the desired local environment within the
human body (11). Therefore, different engineered tissues or organs necessitate unique designs and
materials. In addition, the synthetic scaffolds must be fabricated with specific properties, such as
pore size, geometry, permeability, and spatial distribution (12). The bulk and surface characteristics
of scaffold materials may also affect cellular behavior (12). Ultimately, the degradation of the
scaffold must be compatible with the production of the ECM by the cells. Recent progress in
scaffold fabrication has propelled the field of tissue engineering toward higher goals (12-15).
Furthermore, a relatively new approach of scaffold-free tissue engineering has been introduced (16,
17) thatallows cells to produce their own ECM and self-assemble to build 3D biological structures.

Tissue engineering is one component in the field of regenerative medicine (18-20). Stem cell
science, gene therapy, soluble molecules, and reprogramming of cell and tissue types are each part
of the interface between tissue engineering and regenerative medicine. Over the past 20 years,
several achievements in the construction of functional tissues and organs have helped to improve
the quality of life for many patients (21). Fabrication of tissues and organs can be categorized
in four levels of complexity. The least complex level is flat tissues and organs such as skin; the
next level includes tubular organ structures such as blood vessels and tracheas. Hollow nontubular
organ structures such as the bladder are the second most complex organs to fabricate, and the
most complex structures are solid organs, including the heart, kidney, and liver.

Although flat, tubular, and hollow nontubular organ structures have been successfully con-
structed in the laboratory, fabrications of functional solid organs remain too complex for our
current knowledge and capabilities. Numerous researchers around the world, with a wide range of
backgrounds and specialties, are working to overcome the current challenges in this field. Issues
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such as cell source, tissue vascularization, and compatible scaffolds must be addressed. The first
important challenge of engineering a tissue or an organ is finding appropriate cell sources and
providing large cell quantities. It is possible to supply oxygen and nutrients and remove waste
materials from cells that are <200 pm from the capillaries (22). To engineer thicker tissues and
(ultimately) organs, vascularization is a key prerequisite. Moreover, an organ’s function is based
on the performance of individual cells, separate and combined; cells with different properties
and functions interact with the ECM to achieve the organ’s functionality. Providing sophisticated
biomaterials and scaffolds to allow all cell types in an organ to work together and build their own
ECM is another major challenge in engineering tissues and organs (23).

COOPERATIVE FIELDS AND TECHNOLOGIES

Matching tissue engineering technologies with biological and medical needs requires integration
of various scientific disciplines, such as physics, cell biology, and developmental biology (24). For
example, understanding cellular differentiation and growth and the effect of ECM components
on cell function, or how tissues and organs form and self-assemble in the developing embryo, will
help tissue engineers to accomplish their goals (25-27).

Some researchers have focused on the principles of developmental biology in general, and
embryonic development in particular, to understand the process of natural self-assembly for use in
tissue engineering (28). These efforts are converging toward the development of tissue- and organ-
building methods that are scaffold-free (29). Embryonic development is a highly predetermined
and systematic sequence of events (28). This process is based on the complex interplay of genetic,
molecular, biochemical, and physical pathways. In the course of development from a single cell
to a multicellular phase with many specialized differentiated cells, and ultimately multiorgan
configuration, the embryo utilizes numerous principles of morphogenetic self-assembly.

Cell adhesion is one of the most important phenomena that develops in the zygote as it forms
a multicellular organism. The differential adhesion hypothesis states that different cell types show
different strengths of adhesion to each other as inherent properties (30). Numerous groups have
verified the differential adhesion hypothesis and its predictions in several experiments (30-40).

Tissue liquidity and tissue fusion are the corollaries of the differential adhesion hypothesis
(28). The concept of tissue liquidity is based on the analogy between multicellular systems in
contact and immiscible liquids (e.g., oil and water) (28). Tissue liquidity indicates, among other
implications, that the minimization of interfacial and surface free energies drives a random mixture
of cell types to reach a “phase-separated” final configuration (28). Cell sorting is a morphogenetic
phenomenon that engenders compartmentalization in the embryo and separation between tissues
and organs (41). In a cell aggregate that consists of two randomly mixed cell types, cell sorting
gives rise to the phase-separated configuration by arranging one cell type into the center of the
aggregate surrounded by the other cell type. A simple molecular explanation for this phenomenon
is provided by the differential adhesion hypothesis, by which the more adherent cells sort to the
interior of the aggregate by maximizing their mutual adhesion and minimizing the configurational
energy of the assembly (28). Tissue fusion, another self-assembly process, is analogous to the fusion
of liquid droplets (41). In this process, two or more distinct multicellular assemblies in contact
(such as multicellular aggregates and tissue fragments), merge and coalesce (42). Tissue fusion
is an essential morphogenetic process in the course of early development that leads from simple
structures to more complex configurations (41).

These phenomena have been applied extensively toward the fabrication of human tissues
and organs. For instance, a special automatic delivery machine was used to make biological
structures with different geometries by deposition of spherical and cylindrical microtissues or
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Figure 1

(@) Snapshots show the fusion of two spherical microtissues of human skin fibroblasts. The process was monitored over a week to
determine the characteristic fusion time that was used to predict the shape evolution and maturation time quantitatively. Spherical or
cylindrical microtissues can be used to build tubular biological constructs such as nerves or blood vessels. Fusion of microtissues is an
important part of the fabrication in which self-assembly, cell rearrangements, and the maturation of the construct take place. () The
characteristic fusion time is found theoretically and experimentally. Agreement between theoretical and experimental results as well as
computational studies (not shown) were used to develop a predictive model for fusing multicellular systems. Inset: In this experiment,
volume decrease of the microtissues was also observed and incorporated into the developed predictive formalism. It was assumed that
decrease of the radii of the aggregates was governed by a time-dependent dimensionless quantity #(¢), such that R;o(¢) = #(t)R;0(0). It
was shown that 4(¢) could be well approximated by () = 2¢ + (1 — a¢) exp(—A t), where ag was the volume change parameter and A was
the volume relaxation rate. Therefore, the solid and dashed curves were obtained by solving the theoretical integral numerically for
non-volume-conserving and volume-conserving equations, respectively. Moreover, the dashed-dotted curve is for the
non-conserved-volume situation obtained by a convenient simplifying function based on the volume change parameter and
volume-conserving results. Reproduced from Reference 42 with permission from The Royal Society of Chemistry.

multicellular systems on supportive materials such as agarose. The multicellular systems under-
went self-assembly, and tubular organ structures such as nerves and blood vessels were formed
(43, 44). After printing, it takes time for the structure to mature via self-organization processes, in
particular tissue fusion, and become fully functional. Post-printing shape evolution of multicellu-
lar systems was studied quantitatively (Figure 1), and a theoretical-computational-experimental
formalism was devised to optimize the tissue engineering of tubular organ structures by bio-
printing (42, 45). The formalism can be employed as a powerful technique to study biophysical
aspects as well as dynamics of multicellular systems. The connection between simulation and ex-
perimental parts of the formalism was established through theory that had been independently
developed based on continuum mechanics. Both computational and experimental results ver-
ified the theory. Subsequently, experimental results were used to calibrate some of the basic
parameters for numerical simulation (time, energy, and length) necessary for prediction of time
evolution of the multicellular system. Furthermore, experimental results were used to verify the
successful prediction of the shape evolution of the multicellular systems by the formalism. These
quantitative studies of evolution in complex biological systems are impossible without a deep
understanding of the physics behind morphogenetic phenomena and biological events. Tissue en-
gineering has been aided by advanced technologies such as additive manufacturing and micro- and
nanotechnologies.
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Bioprinting

Since the beginning of the twenty-first century, 2D and 3D printers have been used extensively in
applications ranging from renewable energy (46, 47) to nanoelectronics (48, 49) to medicine and
tissue engineering (42-45, 50). Their ability to precisely deposit different materials on various
substrates rendered them an excellent choice for researchers in drug delivery and personalized
medicine (51). 3D printing of sophisticated surgical planning models has enhanced surgical
outcomes. Moreover, tissue engineering practitioners are using 3D printers to print cells,
scaffolds, and cell-laden hydrogels to make 3D biological constructs. Several cell types are being
used and different tissues are printed, as bioprinting has been accepted as a versatile fabrication
technique. In cardiovascular research, for example, polyester urethane urea was used as a cardiac
patch with human mesenchymal stem cells and human umbilical vein endothelial cells patterned
onto it. Subsequently, the patches were implanted into rats with induced myocardial infarction,
showing increased vessel formation and enhanced heart function (52). Printing has also been
considered a reliable technique for heart valve fabrication. Methacrylated hyaluronic acid and
methacrylated gelatin were used to develop a hybrid hydrogel to encapsulate valvular interstitial
cells to print heart trileaflet valve conduits (53). Researchers also employ printing approaches for
tissue vascularization (54, 55). Sacrificial elements, a sucrose/glucose/dextran combination, were
used to cast a 3D vascular design, printed (55), and encapsulated in ECM and cells. Using culture
medium, the sacrificial elements were dissolved, leaving an imprint throughout the tissue model
that was lined with endothelial cells and perfused with blood.

Micro- and Nanotechnologies

Richard Feynman, who was awarded the Nobel Prize in Physics in 1965, sparked the idea of nano-
technologies. He opened up a new approach to human life in his famous speech entitled “There’s
Plenty of Room at the Bottom.” Since then, physicists and engineers have accomplished many
innovations and discoveries by using the idea of manipulating materials and manufacturing de-
vices at nanoscale levels (one-billionth of a meter) (56, 57). Human health in general, and tissue
engineering in particular, have benefited immensely from nano- and microtechnologies. For ex-
ample, porous nanomaterials have led to highly efficient drug delivery systems because of their
high affinity for target cells and tissues (58). Polyphenol-coated mesoporous silica nanoparticles,
biodegraded by acidic pH and intracellular glutathione, enabled the system to release surrounded
anticancer drugs. Nanofibers and nanopatterns are employed in tissue engineering applications be-
cause they provide cellular environments similar to those of native tissues (58-60). Scaffold-based
tissue engineering requires scaffolds with specific properties for cells to maintain and regulate their
functionality. Micro- and nanotechnologies facilitate the construction of sophisticated scaffolds
with different properties, such as pore size, geometry, and distribution, with nanometer resolu-
tions. Nanostructured scaffolds are gaining attention because of their ability to regulate the fate of
cells by inducing specific cell signaling (59). Nanoengineered scaffolds with tailored biochemical,
mechanical, and electrical properties have been employed to control tissue growth (60).

Micropatterning and nanopatterning can control the cellular microenvironment and govern
cellular behavior in a desired direction. Surface topography also affects cell behavior at various
levels, such as polarity, adhesion, migration, proliferation, and differentiation (59, 61). For instance,
an in vitro culture platform with a specific spatial distribution of ECM protein was fabricated for
adult neural stem cells (62). Investigation of the cells’ responses showed that the alignment of
neurons and astrocytes could be controlled by changing the spacing of ECM stripes.

Cell shape, cell-matrix interactions, and cell-cell interactions have been successfully con-
trolled using nano- and micropatterned substrates to make cell microarrays (12). Moreover,
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micropatterned cell substrates have been combined into microfluidic channels for high-throughput
measurements of cell behavior (63). These technologies allow fabrication of systems that can con-
trol tissues using the geometry of the attached cells as well as their biochemical interactions. Novel
microfabrication technologies such as dip-pen nanolithography provide biochemical cues for cells
by adjusting surface chemistry pattern geometry, density, and bioactive molecule specificity (64).
Substrates with anisotropic micro- and nanotopographies have been made, using microtechnolo-
gies to study the behavior of fibroblasts (65). Effects of the local density of various micro- and
nanotopographic patterns on cellular responses, such as cell migration, orientation, and shape,
were defined. Cell adhesion and elongation in the denser pattern areas were much stronger, con-
firming dependence on substrate patterning.

TISSUE AND ORGAN FABRICATION

Tissue engineering has shown clinical feasibility in flat organs, such as skin and cartilage. Skin nor-
mally protects interior organs and tissues from outside microorganisms and bacteria. In traumatic
and thermal injuries, an important priority is to protect the body from infection at sites of open
wounds. Recently, an innovative antimicrobial skin tissue has been manufactured using dermal
fibroblasts and epidermis derived from normal immortal keratinocytes (the NIKS cell line) (66,
67). The system was tested on several patients, and the performance was compared to cadaveric
allograft by measuring in vitro lymphocyte proliferation, chromium release, and antibody pro-
duction. Results showed the same levels of T and B lymphocytes and Langerhans cells in both
systems. In addition, patients with the engineered coverage did not produce antibodies targeted
to the NIKS cells.

In cartilage defects, autologous chondrocyte implantation has been used over the past several
years and resulted in pain reduction and enhancement of life activities for many patients (68).
In one study, cartilage was created using chondrocyte-derived progenitor cells for patients with
substantial knee cartilage injuries (6-13 cm?) (69). These progenitor cells possess chondrogenic
potential higher than that of mesenchymal stromal/stem cells while producing the same phenotype.

Tubular organ structures such as tracheas and blood vessels have been fabricated and used
in human patients. For example, the fabrication and transplantation of a trachea into a pediatric
patient has been reported with four years of follow-up. The trachea is performing well (70).
A trachea from a deceased donor was decellularized and seeded with the recipient’s respiratory
epithelium and mesenchymal stromal cells. Computed tomography images of the neck and chest
were acquired at different time points after transplantation. A differentiated respiratory layer
was observed, and abnormal immune activity was not detected by histocytology. In this study,
computational fluid dynamics was used for the first time to measure tracheal airflow. This could
provide thorough information on how geometrical features correlate with airflow distribution. In
another attempt, 3D bioprinters have been used to fabricate a trachea splint that was implanted
into a newborn (71).

Both autologous and allogeneic human tissue-engineered vascular grafts have been fabricated
and transplanted into patients with end-stage renal disease for hemodialysis (72-75). These patients
had been receiving hemodialysis via an access graft, a procedure that carries a high risk of failure. A
tissue engineering graft was constructed from fibroblasts taken from autologous skin and superficial
vein. The fibroblasts were allowed to proliferate and assembled into sheets that were wrapped
around a stainless steel mandrel. The cellular sheets fused to each other over the course of the
maturation process for ten weeks in culture. One week before the surgery, the endothelial cells were
seeded into the lumen of the vessels. Patients with autologous blood vessels were monitored for
6-20 months; these blood vessels showed mean burst pressure of 3,512 mm Hg and were effective
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Figure 2

Engineering an autologous bladder. (#) Scaffold is seeded with cells; (b) scaffold with cells is then anastomosed
to native bladder with 4-0 polyglycolic sutures. (c) Transplanted bladder with omentum and fibrin glue.

for hemodialysis. Nonetheless, the long production time of autologous vascular grafts (6-9 months
with a mean of 7.5 months) is not favorable for patients who desperately need transplantation.
Therefore, allogeneic human tissue-engineered vascular grafts were fabricated. They were found
to maintain their mechanical strength when stored for several months. The vascular grafts did not
show any degradation or immunosensitization in any of the patients, confirming the feasibility of
using tissue-engineered human vascular grafts.

In 2011, autologous urethras were made and transplanted into five boys, age 10-14 years, with
urethral defects (76). A tissue biopsy was taken from each patient, and the muscle and epithelial
cells were cultured and seeded on tubularized polyglycolic acid:poly(lactide-co-glycolide acid)
scaffolds. The constructs were incubated for a week in Dulbecco’s Modified Eagle’s Medium.
Generally, neo-urethras took 4-7 weeks to form. After successful implantation, follow-up was
continued for a median 71 months. Histological and functional characteristics of the engineered
urethras are similar to native urethras and all five boys are continent.

Hollow nontubular organ structures have been engineered with positive results. In one major
effort to produce human autologous organs, bladder biopsies were obtained from seven patients,
age 4-19 years, who had poorly compliant bladders due to myelomeningocele (77). Subsequently,
autologous bladders were fabricated in vitro. Biodegradable bladder-shaped scaffolds were created
from either collagen or a composite of collagen and polyglycolic acid, which performed better
in the long term according to previous reports (78, 79). Autologous bladder cells were cultured
and seeded into the scaffolds (Figure 2). A few weeks later, the bladders were implanted into
the patients. After a mean of 46 months, the organs were functioning normally (77). Four girls
age 13-18 with vaginal aplasia successfully received tissue-engineered autologous vaginas (80).
The engineered vaginal organs have been functioning normally up to eight years as of the report
date. All patients have functional variables in the normal range for arousal, lubrication, orgasm,
satisfaction, and painless intercourse.

Solid organs are the most complex organs to fabricate. Although tissue-engineered flat, tubular,
and hollow nontubular organs are being used clinically, solid organs have not been constructed with
current technology. Nonetheless, advancements in engineering small tissues and organoids are
promising. Researchers are attempting to engineer cells and tissues to treat some heart disorders,
such as myocardial infarction. Different tissue engineering techniques have been applied to com-
bine cardiomyocytes with biodegradable and nondegradable biomaterials to cure diseased or dys-
functional heart muscles (81). Scaffold-free cell sheets, cultured on temperature-sensitive dishes,
have been used to partially repair injuries to the myocardium. In one attempt, scaffold-free induced
adipocyte cell sheets were implanted into rats with experimental autoimmune myocarditis (82).

www.annualreviews.org o Tissue Engineering

35



36

Results revealed higher adiponectin and hepatocyte growth factor in the myocardium of rats with
implants than in sham-operate controls, suggesting that this method has potential for treating
myocarditis clinically. Cardiac patches have led to significant functional recovery after myocardial
infarction in animal models. For example, notable reduction of infarct size was achieved using a
fibrin-based heart patch containing neonatal rat heart cells (83). Cells encapsulated in hydrogels
can be used in myocardial tissue engineering. Encapsulation within the matrix-supplemented hy-
drogel capsules has been used to increase cardiac stem cell engraftment and survival after myocar-
dial injection (84); this system showed cardiac stem cell viability under hypoxic stress conditions.
In an in vivo model of myocardial infarction, the system increased acute engraftment and im-
proved cardiac function. Decellularized ECM:s are also used in cardiovascular tissue engineering.
Cell-laden constructs of heart tissues have been made using printers and decellularized ECM (85).

There is a desperate need for engineering human kidneys to permit the perfusion, filtration,
secretion, absorption, and drainage of urine. In one attempt, researchers decellularized rat kidneys
(86), creating scaffolds that were seeded with epithelial and endothelial cells. These structures were
then perfused in a bioreactor. After transplantation, the bioengineered kidney was able to produce
urine and clearance of metabolites in vivo.

There are several different cell types in the liver: sinusoid endothelial, Kupffer, biliary epithe-
lial, and stellate cells, as well as hepatocytes. Among these, hepatocytes are the most important;
most clinically measurable organ functions, such as metabolic homeostasis, protein synthesis, and
detoxification, are related to hepatocytes. Therefore, providing sufficient amounts of functional
hepatocytes is imperative in liver tissue engineering after vascularization (87). Researchers have
obtained naturally derived vascular tree scaffolds by decellularizing the liver using a detergent that
removes only its cellular components (88). In this procedure, the ECM and the vascular network
remained intact and were seeded with new human fetal liver and endothelial cells. This system
reproduced liver-like tissue behavior in vitro. Most attempts to fabricate liver tissues are for drug
development purposes.

TISSUE ENGINEERING FOR DRUG DEVELOPMENT

Traditionally, cell lines have been used for drug screening and toxicology. First, the target agents
are identified in vitro, and preclinical studies in animal models are then conducted. However, cell
lines are not equivalent to normal human cells in vivo and do not mimic multiorgan responses
(89). Moreover, animal reactions to drugs may not be indicative of human responses. Therefore,
using human tissues for drug discovery may eliminate many irrelevant studies and save money and
time. Accordingly, 3D human tissues and microtissues with multiple cell types are currently being
developed for drug screening applications. The liver is the most important organ in pharmaceutical
studies owing to its critical role in drug metabolism and toxicity. Combinations of HepG2 cells and
endothelial cells have been printed into constructs; for example, liver cells printed and sandwiched
between layers of human umbilical vein endothelial cells (90). This system showed hepatocellular
function and cell—cell interaction comparable to actual diseased liver tissues, suggesting that such
a system could be employed for drug screening. Engineered liver tissue can be combined with
microfluidic devices to assess the responses of multicellular systems to external stimuli (91, 92).

CONCLUSION

Tissue engineering aims to cure diseased or dysfunctional tissues and organs. Different scientific
fields such as cellular and developmental biology, combined with advanced technologies such as
bioprinting, have been used to advance tissue engineering. Flat, tubular, and hollow nontubular
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organ structures have been fabricated in laboratories and successful implantations in humans
subsequently reported. However, if we are to fabricate laboratory-grown solid organs such as hearts
or livers, major challenges must be overcome. Each tissue and organ requires vascularization to
deliver oxygen and nutrients to the cells, and a large number of cells is needed to produce an organ.
Appropriate sources of cells for tissue engineering efforts must be identified. Finding suitable
scaffolds for ECMs is another challenge. Optimizing the production time and cost of lab-grown
organs is the ultimate challenge to initiate a market for engineered human parts. Nevertheless, the
remarkable discoveries and achievements over the past decade, in addition to current worldwide
efforts, signal continued progress in both the short and long terms. Short-term goals of the field
include tissue fabrication for drug evolution and discovery, as well as curing minor tissue disorders
and diseases. The long-term goal will remain the fabrication of human solid organs.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

LITERATURE CITED

. Langer R, Vacanti JP. 1993. Tissue engineering. Science 260(5110):920-26

. Lanza R, Langer R, Vacanti JP. 2013. Principles of Tissue Engineering. Atlanta, GA: Elsevier Acad. 4th ed.

. Persidis A. 1999. Tissue engineering. Nat. Biotechnol. 17(5):508-10

. Merrill JP, Murray JE, Harrison JH, et al. 1956. Successful homotransplantation of the kidney in an
identical twin. 7AMA 160(4):277-82

5. Murray JE, Merrill JP, Harrison JH, etal. 2001. Renal homotransplantation in identical twins. 7. Anz. Soc.

Nephrol. 12(1):201-4
6. Starzl TE. 1984. The landmark identical twin case. 7AMA. 251(19):2572-73
7. Murray JE, Wilson RE, Tilney NL, et al. 1968. Five years’ experience in renal transplantation with

AW N —

immunosuppressive drugs: survival, function, complications, and the role of lymphocyte depletion by
thoracic duct fistula. Ann. Surg. 168(3):416-33
8. Atala A. 2012. Regenerative medicine strategies. 7. Pediatr. Surg. 47(1):17-28
9. Griffith LG, Naughton G. 2002. Tissue engineering—current challenges and expanding opportunities.

Science 295(5557):1009-14

10. Lu HH, El-Amin SF, Scott KD, et al. 2003. Three-dimensional, bioactive, biodegradable, polymer-
bioactive glass composite scaffolds with improved mechanical properties support collagen synthesis and
mineralization of human osteoblast-like cells in vitro. 7. Biomed. Mater. Res. Part A 64(3):465-74

11. Langer R. 2009. Perspectives and challenges in tissue engineering and regenerative medicine. Adv. Mater.
21(32-33):3235-36

12. Khadembhosseini A, Langer R, Borenstein J, et al. 2006. Microscale technologies for tissue engineering
and biology. PNAS 103(8):2480-87

13. Khadembhosseini A, Vacanti JP, Langer R. 2009. Progress in tissue engineering. Sci. Am. 300(5):64-71

14. Gauvin R, Chen YC, Lee JW, etal. 2012. Microfabrication of complex porous tissue engineering scaffolds
using 3D projection stereolithography. Biomaterials 33(15):3824-34

15. Borenstein J, Terai H, King K, etal. 2002. Microfabrication technology for vascularized tissue engineering.
Biomed. Microdevices 4(3):167-75

16. L’Heureux N, Dusserre N, Konig G, etal. 2006. Human tissue-engineered blood vessels for adult arterial
revascularization. Nat. Med. 12(3):361-65

17. Jakab K, Norotte C, Marga F, et al. 2010. Tissue engineering by self-assembly and bio-printing of living
cells. Biofabrication 2(2):022001

18. Vacanti J. 2010. Tissue engineering and regenerative medicine: from first principles to state of the art.
7 Pediatr. Surg. 45(2):291-94

www.annualreviews.org o Tissue Engineering

37



38

19.
20.

21.
22.
23.
24.
25.

26.

27.

28.

29.

30.
31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Mason C, Dunnill P. 2008. A brief definition of regenerative medicine. Regen. Med. 3(1):1-5
Greenwood HL, Thorsteinsdéttir H, Perry G, et al. 2006. Regenerative medicine: new opportunities for
developing countries. Int. . Biotechnol. 8(1):60-77

Sala CC, Ribes MA, Muifios TF, et al. 2013. Current applications of tissue engineering in biomedicine.
F- Biochip Tissue Chip S2:004

Jain RK, Au P, Tam ], et al. 2005. Engineering vascularized tissue. Naz. Biotechnol. 23(7):821-23

Atala A. 2009. Engineering organs. Curr. Opin. Biotechnol. 20(5):575-92

Langer R. 2007. Tissue engineering: perspectives, challenges, and future directions. Tissue Eng. 13(1):1-2
Ingber DE, Mow VC, Butler D, et al. 2006. Tissue engineering and developmental biology: going
biomimetic. Tissue Eng. 12(12):3265-83

Lenas P, Moos M Jr., Luyten FP. 2009. Developmental engineering: a new paradigm for the design and
manufacturing of cell-based products. Part I: From three-dimensional cell growth to biomimetics of in
vivo development. Tissue Eng. Part B Rev. 15(4):381-94

BasuJ, Ludlow JW. 2012. Developmental engineering the kidney: leveraging principles of morphogenesis
for renal regeneration. Birth Defects Res. C Embryo Today 96(1):30-38

Forgacs G, Newman SA. 2005. Biological Physics of the Developing Embryo. Cambridge, UK: Cambridge
Univ. Press

Marga F, Neagu A, Kosztin I, et al. 2008. Developmental biology and tissue engineering. Birth Defects
Res. C Embryo Today 81(4):320-28

Steinberg MS. 1963. Reconstruction of tissues by dissociated cells. Science 141(3579):401-8

Steinberg MS. 1978. Specific cell ligands and the differential adhesion hypothesis: How do they fit to-
gether? In Specificity of Embryological Interactions, ed. D Garrod, pp. 99-129. London: Chapman Hall
Steinberg MS. 1998. Goal-directedness in embryonic development. Integr. Biol. 1(2):49-59

Armstrong PB. 1989. Cell sorting out: the self-assembly of tissues in vitro. Crit. Rev. Biochem. Mol. Biol.
24(2):119-49

Mombach JC, Glazier JA, Raphael RC, etal. 1995. Quantitative comparison between differential adhesion
models and cell sorting in the presence and absence of fluctuations. Phys. Rev. Lett. 75(11):2244-47

Foty RA, Forgacs G, Pfleger CM, et al. 1994. Liquid properties of embryonic tissues: measurement of
interfacial tensions. Phys. Rev. Lett. 72(14):2298-301

Foty RA, Pfleger CM, Forgacs G, et al. 1996. Surface tensions of embryonic tissues predict their mutual
envelopment behavior. Development 122(5):1611-20

Duguay D, Foty RA, Steinberg MS. 2003. Cadherin-mediated cell adhesion and tissue segregation: qual-
itative and quantitative determinants. Dev. Biol. 253(2):309-23

Norotte C, Marga F, Neagu A, et al. 2008. Experimental evaluation of apparent tissue surface tension
based on the exact solution of the Laplace equation. Europhys. Lett. 81(4):46003

Mgharbel A, Delanoé-Ayari H, Rieu J-P. 2009. Measuring accurately liquid and tissue surface tension
with a compression plate tensiometer. HFSP 7. 3(3):213-21

Marmottant P, Mgharbel A, Kiifer ], etal. 2009. The role of fluctuations and stress on the effective viscosity
of cell aggregates. PNAS 106(41):17271-75

Pérez-Pomares JM, Foty RA. 2006. Tissue fusion and cell sorting in embryonic development and disease:
biomedical implications. Bioessays 28(8):809-21

McCune M, Shafiee A, Forgacs G, etal. 2014. Predictive modeling of post bioprinting structure formation.
Soft Matter 10(11):1790-800

Norotte C, Marga FS, Niklason LE, etal. 2009. Scaffold-free vascular tissue engineering using bioprinting.
Biomaterials 30(30):5910-17

Owens C, Marga F, Forgacs G. 2015. Bioprinting of nerve. In Essentials of 3D Biofabrication and Translation,
ed. A Atala, JJ] Yoo, pp. 379-94. Atlanta, GA: Elsevier

Shafiee A, McCune M, Forgacs G, et al. 2015. Post-deposition bioink self-assembly: a quantitative study.
Biofabrication 7(4):045005

Shafiee A, Salleh MM, Yahaya M. 2008. Fabrication of organic solar cells based on a blend of donor-
acceptor molecules by inkjet printing technique. IEEE Int. Conf. Semicond. Elect. 2008:319-22

Shafiee o Atala



47.

48.

49.

50.

51,
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Shafiee A, Salleh MM, Yahaya M. 2009. Fabrication of organic solar cells based on a blend of
poly(3-octylthiophene-2,5-diyl) and fullerene derivative using inkjet printing technique. Proc. SPIE
7493:74932D. doi: 10.1117/12.843467

Samad WZ, Salleh MM, Shafiee A, et al. 2010. Preparation nanostructure thin films of fluorine doped tin
oxide by inkjet printing technique. AIP Conf. Proc. 1284:83-86

Samad WZ, Salleh MM, Shafiee A, et al. 2011. Structural, optical and electrical properties of fluorine
doped tin oxide thin films deposited using inkjet printing technique. Sains Malaysiana 40(3):251-57
Kang H-W, Lee S], Ko IK, etal. 2016. A 3D bioprinting system to produce human-scale tissue constructs
with structural integrity. Nat. Biotechnol. 34(3):312-19

Shafiee A, Atala A. 2016. Printing technologies for medical applications. Trends Mol. Med. 22(3):254-65
Gaebel R, Ma N, Liu ], et al. 2011. Patterning human stem cells and endothelial cells with laser printing
for cardiac regeneration. Biomaterials 32(35):9218-30

Duan B, Kapetanovic E, Hockaday LA, et al. 2014. Three-dimensional printed trileaflet valve conduits
using biological hydrogels and human valve interstitial cells. Acta Biomater. 10(5):1836-46

Wu W, DeConinck A, Lewis JA. 2011. Omnidirectional printing of 3D microvascular networks. Adv.
Mater. 23(24):H178-83

Miller JS, Stevens KR, Yang MT, et al. 2012. Rapid casting of patterned vascular networks for perfusable
engineered three-dimensional tissues. Nat. Mater. 11(9):768-74

Samad WZ, Salleh MM, Shafiee A. 2010. Transparent conducting thin films of fluoro doped tin oxide
(FTO) deposited using inkjet printing technique. IEEE Int. Conf. Semicond. Electronics 2008:52-55
Samad WZ, Salleh MM, Shafiee A, et al. 2010. Transparent conductive electrode of fluorine doped tin
oxide prepared by inkjet printing technique. Mater. Sci. Forum 663(665):694-97

LiJ, Wu S, Wu C, et al. 2016. Versatile surface engineering of porous nanomaterials with bioinspired
polyphenol coatings for targeted and controlled drug delivery. Nanoscale 8(16):8600—-6

Kim ES, Ahn EH, Dvir T, et al. 2014. Emerging nanotechnology approaches in tissue engineering and
regenerative medicine. Int. . Nanomed. 9:1-5

Yang HS, Ieronimakis N, T'sui JH, etal. 2014. Nanopatterned muscle cell patches for enhanced myogenesis
and dystrophin expression in a mouse model of muscular dystrophy. Biomaterials 35(5):1478-86

Chung BG, Kang L, Khademhosseini A. 2007. Micro- and nanoscale technologies for tissue engineering
and drug discovery applications. Expert Opin. Drug Discov. 2(12):1653-68

Joo S, Kim JY, Lee E, et al. 2015. Effects of ECM protein micropatterns on the migration and differen-
tiation of adult neural stem cells. Sci. Rep. 5:13043

Erdman N, Schmidt L, Qin W, et al. 2014. Microfluidics-based laser cell-micropatterning system.
Biofabrication 6(3):035025

O’Connell CD, Higgins MJ, Moulton SE, et al. 2015. Nano-bioelectronics via dip-pen nanolithography.
7. Mater. Chem. C 3(25):6431-44

Kim DH, Han K, Gupta K, et al. 2009. Mechanosensitivity of fibroblast cell shape and movement to
anisotropic substratum topography gradients. Biomuaterials 30(29):5433-44

Allen-Hoffmann BL, Schlosser SJ, Ivarie CA, et al. 2000. Normal growth and differentiation in a sponta-
neously immortalized near-diploid human keratinocyte cell line, NIKS. 7. Investig. Dermatol. 114(3):444—
55

Centanni JM, Straseski JA, Wicks A, et al. 2011. StrataGraft skin substitute is well-tolerated and is not
acutely immunogenic in patients with traumatic wounds. Ann. Surg. 253(4):672-83

Macmull S, Parratt MT, Bentley G, et al. 2011. Autologous chondrocyte implantation in the adolescent
knee. Am. J. Sports Med. 39(8):1723-30

Jiang Y, Cai Y, Zhang W, et al. 2016. Human cartilage-derived progenitor cells from committed chon-
drocytes for efficient cartilage repair and regeneration. Stemz Cells Transl. Med. 5(6):733-44

Hamilton NJ, Kanani M, Roebuck DJ, et al. 2015. Tissue-engineered tracheal replacement in a child: a
4-year follow-up study. Awm. 7. Transplant. 15(10):2750-57

Zopt DA, Hollister SJ, Nelson ME. 2013. Bioresorbable airway splint created with a three-dimensional
printer. N. Engl. 7. Med. 368(21):2043-45

L’Heureux N, Dusserre N, Konig G, etal. 2006. Human tissue-engineered blood vessels for adult arterial
revascularization. Nat. Med. 12(3):361-65

www.annualreviews.org o Tissue Engineering

39



40

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

McAllister TN, Maruszewski M, Garrido SA, et al. 2009. Effectiveness of haemodialysis access with an
autologous tissue-engineered vascular graft: a multicentre cohort study. Lancet 373(9673):1440-46
L’Heureux N, McAllister TN, de la Fuente LM. 2007. Tissue-engineered blood vessel for adult arterial
revascularization. N. Engl. 7. Med. 357(14):1451-53

Wystrychowski W, McAllister TN, Zagalski K, et al. 2014. First human use of an allogeneic tissue-
engineered vascular graft for hemodialysis access. 7. Vasc. Surg. 60(5):1353-57

Raya-Rivera A, Esquiliano DR, Yoo J], et al. 2011. Tissue-engineered autologous urethras for patients
who need reconstruction: an observational study. Lancer 377(9772):1175-82

Atala A, Bauer SB, Soker S, et al. 2006. Tissue-engineered autologous bladders for patients needing
cystoplasty. Lancet 367(9518):1241-46

Yoo JJ, Meng J, Oberpenning F, et al. 1998. Bladder augmentation using allogenic bladder submucosa
seeded with cells. Urology 51(2):221-25

Oberpenning F, Meng J, Yoo J], et al. 1999. De novo reconstitution of a functional mammalian urinary
bladder by tissue engineering. Nat. Biotechnol. 17(2):149-55

Raya-Rivera AM, Esquiliano D, Fierro-Pastrana R, et al. 2014. Tissue-engineered autologous vaginal
organs in patients: a pilot cohort study. Lancet 384(9940):329-36

Chen QZ, Harding SE, Ali NN, et al. 2008. Biomaterials in cardiac tissue engineering: ten years of
research survey. Mater. Sci. Eng. Res. 59(1-6):1-37

Kamata S, Miyagawa S, Fukushima S, et al. 2015. Targeted delivery of adipocytokines into the heart
by induced adipocyte cell-sheet transplantation yields immune tolerance and functional recovery in
autoimmune-associated myocarditis in rats. Cire. 7. 79(1):169-79

Wendel JS, Ye L, Zhang P, et al. 2014. Functional consequences of a tissue-engineered myocardial patch
for cardiac repair in a rat infarct model. Tissue Eng. Part A 20(7-8):1325-35

Mayfield AE, Tilokee EL, Latham N, et al. 2014. The effect of encapsulation of cardiac stem cells within
matrix-enriched hydrogel capsules on cell survival, post-ischemic cell retention and cardiac function.
Biomaterials 35(1):133-42

Pati F, Jang J, Ha DH, et al. 2014. Printing three-dimensional tissue analogues with decellularized extra-
cellular matrix bioink. Nat. Commun. 5:3935

Song JJ, Guyette JP, Gilpin SE, et al. 2013. Regeneration and experimental orthotopic transplantation of
a bioengineered kidney. Naz. Med. 19(5):646-51

Hoganson DM, Pryor HI, Vacant JP. 2008. Tissue engineering and organ structure: a vascularized
approach to liver and lung. Pediatr. Res. 63(5):520-26

Baptista PM, Siddiqui MM, Lozier G, et al. 2011. The use of whole organ decellularization for the
generation of a vascularized liver organoid. Hepatology 53(2):604-17

Ghaemmaghami AM, Hancock M]J, Harrington H, et al. 2012. Biomimetic tissues on a chip for drug
discovery. Drug Discov. Today 17(3-4):173-81

Matsusaki M, Sakaue K, Kadowaki K, et al. 2013. Three-dimensional human tissue chips fabricated by
rapid and automatic inkjet cell printing. Adv. Healthc. Mater. 2(4):534-39

Chang R, Emami K, Wu H, et al. 2010. Biofabrication of a three-dimensional liver micro-organ as an in
vitro drug metabolism model. Biofabrication 2(4):045004

Snyder JE, Hamid Q, Wang C, et al. 2011. Bioprinting cell-laden matrigel for radioprotection study of
liver by pro-drug conversion in a dual-tissue microfluidic chip. Biofabrication 3(3):034112

Shafiee o Atala



