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Tissue engineering for in vitro drug-screening applications based on tissue function is an active area of translational
research. Compared to targeted high-throughput drug-screening methods that rapidly analyze hundreds of
thousands of compounds affecting a single biochemical reaction or gene expression, high-content screening (HCS)
with engineered tissues is more complex and based on the cumulative positive and negative effects of a compound
on the multiple pathways altering tissue function. It may therefore serve as better predictor of in vivo activity and
serve as a bridge between high-throughput drug screening and in vivo animal studies. In the case of the muscu-
loskeletal system, tissue function includes determining improvements in the mechanical properties of bone,
tendon, cartilage, and, for skeletal muscle, contractile properties such as rate of contraction=relaxation, force
generation, fatigability, and recovery from fatigue. HCS of compound banks with engineered tissues requires
miniature musculoskeletal organs as well as automated functional testing. The resulting technologies should be
rapid, cost effective, and reduce the number of small animals required for follow-on in vivo studies. Identification
of compounds that improve the repair=regeneration of damaged tissues in vivo would have extensive clinical
applications for treating musculoskeletal disorders.

Introduction

Tissue engineering of functional musculoskeletal
organs as a tool for in vitro drug-screening applications

has been envisioned since the field’s inception1,2 and may
contribute to the identification of new drugs for the treatment
of numerous clinical disorders.3,4 High-throughput drug-
screening (HTS) technologies use biochemical, gene expres-
sion, or single-cell assays, and with today’s computerized
robotic technologies, they are capable of screening millions of
compounds in a rapid and cost-effective manner.5 Never-
theless, it has proven difficult to predict from these highly
targeted HTS assays the ultimate functional activity of a
compound in vivo since all compounds have effects on mul-
tiple intracellular second messenger pathways, known as a
compound’s side activities.6–8 This type of targeted pathway
approach also has the limitation of possibly missing impor-
tant unknown pathways that improve functional character-
istics of the tissue. This assay method also misses potential
negative effects a compound may have on tissue function.

HTS assays often identify hundreds of positive hits, and it is
difficult to know which should be carried forward into animal
studies. High-content drug screening (HCS) with engineered
tissues is based on physiological function and is the culmina-

tion of all the complex interactions of compounds on multiple
intracellular pathways; it therefore may be a better predictor of
a compound’s ultimate in vivo effect at the tissue level (but not
necessarily at the whole animal level). Using engineered tissue
HCS as a secondary screen on the positive hits obtained from
HTS assays may therefore save significant time, expense, and
animals in moving a compound forward toward the clinic
(Fig. 1). In addition, screening small compound banks of ex-
isting Food and Drug Administration–approved drugs (e.g.,
National Institutes of Health Clinical Collection, www.
nihclinicalcollection.com) with engineered tissues for new in-
dications, that is, drug repurposing,9,10 might identify com-
pounds with established human safety and pharmacokinetic
data that could cost effectively move rapidly into clinical trials
for musculoskeletal disorders. For example, in Duchenne
muscular dystrophy (DMD), a genetic disease affecting the
skeletal muscle cells’ cytoskeleton,11 an antibiotic (gentami-
cin)12 and an antihypertensive drug (Losartan)13 may be clin-
ically useful in maintaining muscle strength in this devastating
and fatal disease. Other examples include the depression drug
buproprion now approved for smoking cessation, the depres-
siondrugduloxetineforurinaryincontinence,andthalidomide,
originally developed for morning sickness during pregnancy
but now used for multiple myeloma treatment.14 Engineered
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tissues will be more difficult to establish for HCS applica-
tions than HTS assays because of the complexity of the engi-
neering process, the physiological assay methods, and cost
per compound screen, but it should help in identifying new
therapeutics in the future. While more costly and difficult to
establish, functional tissue screening has the additional
advantage over single-cell assays in that the resulting data are
the average signal of a large population of cells; many times
single-cell assays require analysis of 100–1000 individual cells
to obtain a significant result. This brief review will cover
several recent advances in the use of engineered musculo-
skeletal tissues for drug-screening applications and suggested
future directions for the field. Recent articles cover other HCS
technologies for liver,15,16 cardiac tissue,17 tumors,18 and cell–
biomaterial interactions.19–21

Engineering Bone, Cartilage, Ligaments,
and Intervertebral Discs for Functional
Drug Screening

A recent conference report on the commercial develop-
ment of tissue engineering for the repair=regeneration in the
musculoskeletal field enumerated many of the mechanical
properties of musculoskeletal tissues necessary for success-
ful tissue repair.22 For the tissues covered by the conference
(anterior cruciate ligament, articular cartilage, long bones,
intervertebral disc, rotator cuff, meniscus, and temporoman-
dibular joint) mechanical testing for stress–strain, compres-
sion, viscoelastic, and shear stress properties were identified
as paramount to successful in vivo applications. Numerous
methods currently exist for the in vitro engineering of tendons,
ligaments, and bones (reviewed in Ref.23). To develop useful
secondary functional screening with these tissues for the
analysis of hundreds of compounds, engineered tissue HCS
technologies will first require a reliable source of primary
cells, banked cells, stem cells, or immortalized cell lines. Im-
mortalized cells are the preferred cell source for HCS since
they are more cost effective than performing primary prepa-
rations from an animal source and theoretically would reduce
variability between experiments. Immortalized cells have
been described for chondrocytes,24 bone cells,25,26 and liga-

ment cell lines.27 The disadvantage of immortalized cells (and
stem cells) is the possibility of their dedifferentiation, or
change of specific tissue function.

A second requirement is the adaption of computerized
robotic liquid-handling HTS hardware to engineer muscu-
loskeletal tissues. This automation has revolutionized HTS,
allowing the rapid and reproducible screening of large com-
pound banks. Automation will be important for several as-
pects of HCS: engineering the tissues themselves in a 96-well
(7–8-mm-diameter wells) or smaller microwell plate format in
a manner compatible with automated tissue culture medium
changes, compound additions, and functional testing. Many
macro tissue engineering protocols have been described over
the past decade for cartilage, bone, and tendon, but many of
these utilize a preformed rigid scaffold that would make me-
chanical testing of the engineered tissues difficult. Engineer-
ing in flexible extracellular gel matrices such as collagen or
fibrin28 or in a scaffold-free manner29 would be more com-
patible with subsequent mechanical testing of the engineered
tissues. Micromass cultures of mesenchymal limb bud cells
have been developed using no extracellular matrix scaffold-
ing for studying chondrocyte differentiation30 in a 24-well
format, but this procedure requires a high number of primary
cells (250,000=micromass) for hypertrophic chondrogenesis to
occur. To be cost effective for HCS, the fewer the cells=tissue
the better, but there will also be a lower limit to the number of
cells=tissue required for functional mechanical testing, de-
pending on the sensitivity of the screening assays. Another
approach has been taken by Huang et al.31 using mesen-
chymal stem cells (MSCs) to study compound banks that
modulate stem cell chondrogenesis in micro-MSC pellets. The
authors have utilized 96- and 384-well plates to form pellets of
MSC with as few as 10,000 cells=pellet. Targeted assays rather
than functional assays were used on the pelleted constructs
(e.g., glycosaminoglycan production, and collagen type II and
aggrecan mRNA expression) but may be adaptable to func-
tional HCS in the future.

Once engineered, automated (most likely customized)
hardware and analysis software will be required for mechan-
ical testing of the miniature constructs. Numerous genetic
and biochemical assays exist for assessing the differentiation

FIG. 1. High-throughput
drug screening versus high-
content drug screening of
bioactive compounds.
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of bone, cartilage, ligaments, and intervetebral discs that are
amenable to compound screening (e.g., Refs.31–33), but this
review will be limited to functional assays. Mechanical testing
of large tissue constructs has existed for many years,34,35 and
recently, a prototype miniaturized robotic mechanical testing
device (MTD) was described that fits many of the criteria for
HCS.36 Miniature hydrogel tissue constructs were engineered
around two fixed posts in 8�8 mm wells in a similar manner
to cardiac tissue constructs engineered by Eschenhagen’s
group.17 A customized automated force measurement de-
vice was built to deform the hydrogel tissue constructs in a
reproducible manner and characterize their mechanical
properties (Fig. 2). Construct pretension forces and elastic
stress–strain characteristics could be rapidly measured ster-
ilely, allowing repetitive long-term studies. Validation of the
ability to measure changes in mechanical properties of the
constructs was successfully performed after incubation with
several compounds known to influence the mechanical prop-
erties of tissues. While the tissues used in this study were en-
gineered from fibroblasts, it is likely that the technology can be
readily adapted to engineered cartilage, bone, or ligament
cells and used to screen for compounds that improve their
mechanical properties. The MTD utilized electronic force
transducers with background noise of<100mN and accurately
measured forces up to 10mN. Sensitivity of the automated
mechanical testing equipment will need to be adjusted to the
force generated by the miniature organs and will depend on
the number of cells=construct and the cell=extracellular matrix

ratio. In the MTD study, the hydrogel fibroblast constructs
contained approximately 200,000 cells=construct, which trans-
lates into nearly 20 million cells per 96-well plate. The cost of
cell preparation and growth medium is therefore quite high
compared with single-cell screening assays for even a mod-
estly sized compound bank. As more sensitive electronic force
transducers are developed that are capable of measuring
smaller forces, developing tissue engineering procedures for
constructs with fewer cells will be useful in this and other
automated functional screening designs for identifying new
treatments for tendon, ligament, and bone repair in a more
cost-effective manner.

Skeletal Muscle Tissue Engineering
for Functional Drug Screening

Contractile skeletal muscle tissue engineered from pre-
cursor muscle cells (myoblasts) has a number of potential
applications, including tissue repair,37 therapeutic protein
delivery,38 mechanotransduction mechanistic studies,39 and
in vitro drug screening.1 Many issues still need to be ad-
dressed for the in vivo repair applications, including efficient
transfer of the contractile force from the engineered tissue
through appropriate elastic scaffolds to bone to generate
host movement. Improvements in in vivo cell survival after
engineering in an artificial ex vivo environment will also be
required.40 In vitro studies on mechanotransduction pro-
cesses in skeletal muscle are well advanced41 since the first

FIG. 2. Hydrogel tissue construct (HTC) mechanics. (A) Schematic of the force measurement device. a, Linear actuator
moved by a servo motor (�70 mm accuracy); b, isometric force transducer; c, force probe; d, tissue chamber; e, warming plate
(378C) connected to a water circulation bath. The device can automatically indent four samples in one row, and the operator
manually translates the mold to the next row. A computer records the force response measured by the isometric transducer
and regulates the speed of indentation. (B) Tissue chamber for producing and testing engineered tissues. (C) A force probe
approaching an HTC formed between two stainless steel bars. (D) The probe indents the HTC vertically and stretches it
longitudinally. (E) The typical size of HTCs was approximately 4�4�0.8 mm (length�width�thickness), and they are formed
in 8�8 mm (opening) square wells in the tissue chamber. Reprinted with permission from Ref.36
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report that such studies could be performed in cell culture.42

These in vitro studies have contributed significantly to our
understanding of how skeletal muscle senses mechanical
forces and the multitude of second messenger pathways that
translate those signals into biochemical changes leading to
hyperplasia, hypertrophy, and metabolic alterations.43

Skeletal muscle, unlike cardiac muscle, has a readily
available source of stem cells from both embryonic and adult
tissue. In adults, these have traditionally been identified as
satellite cells, located between the muscle fiber’s plasma
membrane and its basement membrane. While other sources
of MSCs capable of regenerating skeletal muscle have been
identified,44 the satellite cell alone is capable of regenerating
new muscle tissue once activated to proliferate as myoblasts
and self-renew as new quiescent satellite cells.45 Tissue cul-
ture conditions have been developed over the years to ex-
pand the proliferating myoblasts from rodent and human
muscle to the large numbers required for HCS applications,
and to differentiate them into contractile postmitotic muscle
fibers. Myogenic cell lines suitable for HCS applications also
exist from both rodents46 and humans.47

Tissue-engineered muscle organs offer a physiologic
approach to HCS, providing a holistic approach for deter-
mining a compound’s effect on the multiple pathways reg-
ulating important physiological parameters such as muscle
strength, fatigability, and contraction-induced injury in both
normal and diseased phenotypes. Existing two-dimensional
monolayer drug-screening assays for skeletal muscle
strength–inducing compounds are based on single targeted
pathways such as elevated expression of a single gene like
myosin heavy chain,46 or proteins such as muscle-specific
insulin-like growth factor-1, a 7 integrin,48 or the dystrophin-
like protein utrophin.49 Increased myofiber size (hyper-
trophy) is also a common two-dimensional drug-screening
indicator of compounds that stimulate muscle growth.50–52

Other approaches focus on a compound’s effects on muscle
differentiation, for example, the fusion of myoblasts into new
myofibers.53 Nevertheless, despite the development of these
two-dimensional in vitro screening assays, the preferred
methods are still in vivo models.54–56 This is not surprising as
skeletal muscle function results from the complex interac-

tion of multiple second-messenger pathways and structural
proteins; even myofiber size is a poor indicator of muscle
strength.57 Thus, the effect of a compound on overall mus-
cle function may be missed by screening for effects on a
single genetic pathway, protein target, or histological ana-
lyses. The search for drugs targeting muscle function in vitro
will benefit from functional analyses and could serve as an
important bridge between current targeted assays and
follow-on animal studies.

Tissue engineering of skeletal muscle from rodent and
human muscle precursor cells is well advanced. Numerous
methods have been developed to engineer three-dimensional
skeletal muscle in vitro capable of generating contractile
forces in a directed manner (reviewed in Refs.58,59). One of
the simplest used in our laboratory60 is based on the original
observation of Eugene Bell that most cells will align parallel
to the passive tensions developed in a collagen gel when it
coalesces.61 Mixing proliferating myoblasts with extracellular
matrix solutions such as collagen or fibrin and casting in a
well with attachment posts results in a tubular structure at-
tached to the two posts as the collagen coalesces away from
the well sides (Fig. 3). The significant passive forces within
the matrix cause the myoblasts to align in the long axis of the
construct. When the tissue culture medium is switched to
differentiation medium, the myoblasts fuse into muscle fi-
bers aligned with the long axis of the construct, and these
miniature bioartificial muscles (mBAMs) generate directed
forces when electrically stimulated. These contractile muscle
fibers can be maintained under tension for weeks in vitro,58,62

and the forces generated by engineered contractile tissues
can be measured using electronic force transducers.62–65

Current transducers, however, are difficult to scale down to
reproducibly measure the small forces generated by minia-
ture contractile tissues necessary for microwell plate formats
used in HCS assays. Newer non-transducer-based methods
to measure cellular forces on a smaller scale have been de-
veloped.66–69 These methods, based on optical imaging of cell
contraction, were adapted to HCS applications for skeletal70

and cardiac muscles71 as described next.
mBAMs were tissue engineered around flexible mposts

(Fig. 3) cast from elastic polydimethylsiloxane (PDMS) in a

FIG. 3. Tissue engineering miniature
bioartificial muscles (mBAMs) on
mposts in a 96-microwell plate. Posts
are molded from flexible poly-
dimethylsiloxane 4 mm apart and 7 mm
high in 7-mm-diameter wells. mBAM
shown is day 4–5 postcasting in the
7-mm-diameter well as described in the
text. A 7–8-day postcasting mBAM was
stained for sarcomeric tropomyosin
and shows well-aligned myofibers.
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96-microwell format.70 In this system, measurement of force
is based on the degree of flexion of the attachment posts
captured by motion detection imaging. Medical-grade PDMS
is nontoxic to skeletal muscle cells38 and commonly used for
in vitro tissue engineering and in vivo reconstructive surgical
applications; it shows minor hysteresis (<5%) and creep
when used in force-sensing applications.72 For a mpost of
radius R and length L (Fig. 4A), cast from PDMS material
with a known elastic modulus (E), the moment of inertia (I) is
given by I¼¼pR4 and force based on mpost deflection d by
the formula73:

F¼ 3EId
L3
¼ 3pER4d

4L3
:

Since all of the parameters in the equation are known, it
can be used to fit the force–displacement curves using E as
the only fitting parameter. A software algorithm written in
MatLab was developed to automatically determine the
maximal mpost deflections in images captured with a CMOS
camera and converts the mm of movement to mN of force.

Forces can be calculated with an accuracy of 5–6mN, and
both passive and active electrically stimulated forces accu-
rately measured.70 Recently, a similar approach was reported
that significantly reduces the size of the wells, engineered
tissue constructs, and sensitivity of the force measurements
down to the nN range.74

A 96-microwell plate format was designed (Fig. 4B) for
tissue engineering mBAMs that enables the use of stan-
dard robotic liquid-handling systems.75 The liquid handler
mixes a cell suspension with soluble extracellular matrix
in each well, a process that takes approximately 7–8 min per
96-well plate. Each construct is engineered with 50,000–
100,000 cells=mBAM and, after differentiation, contains
several hundred aligned striated muscle fibers. When elec-
trically stimulated, they bend the mposts (Supplemental
Video S1, available online at www.liebertonline.com), and
the forces generated are then calculated from the captured
images. A customized Myoforce Analysis Device (MAD�)
was designed and built, which automatically places elec-
trodes into each well, electrically stimulates the mBAMs, and
captures images of the flexing mposts while maintaining

FIG. 4. Force measurement with flexible mposts. (A) Mechanical model correlating mpost displacement (d) with force (F). (B)
Section of 96-microwell plate with mBAMs attached to flexible posts. (C) Time course for active force development. mBAMs
were electrically stimulated every 2–3 days, mpost deflection was measured optically, and active force generation was
calculated. Results are meansþ SE (standard error) from four separate experiments with n¼ 8–18 per time point. Error bars
are smaller than symbols where not seen. (D) Anabolic effect of insulin-like growth factor-1 (IGF-1) on active force. mBAMs
were allowed to differentiate for 6–7 days postcasting and then insulin-like growth factor-1 (100 ng=mL) added to the wells.
Each point is the meanþ SE; n¼ 6 mBAMs per group. Adapted from Refs.70,75
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sterility.75 MAD is encased in an insulated box so that tem-
perature, CO2 level, and humidity can be maintained in a
similar manner to a standard tissue culture incubator. Once
loaded onto the MAD on a heated stage, the device auto-
matically transports the microwell plate to the stimulat-
ing electrodes and electrically stimulates each well for 1–2 s
with preselected parameters for tetanic force generation, and
40–60 images of the mpost deflections are captured. A 96-well
plate requires just under 20 min to stimulate and collect the
images. After electrical stimulation, the plates are transferred
to the liquid handler, the tissue culture medium changed,
and the plates returned to a humidified 5% CO2 incubator for
24 h before restimulating in MAD. This mBAM HCS tech-
nology, aimed at identifying compounds that alter muscle
strength, is termed MyoForce Analysis System (MFAS�),
and is the first HCS technology available for assaying skel-
etal muscle function in vitro. It is currently a semiautomated
rather than fully automated procedure, requiring technical
assistance to move the assay plates between the various
pieces of hardware (Fig. 5). Because of the complexity of
functional HCS with contractile tissues, fully automated
functional screening may not be worth the extra costs asso-
ciated with complete automation, especially if hundreds ra-
ther than tens of thousands of compounds are tested.

mBAMs generate increasing levels of active force when
electrically stimulated as the myoblasts differentiate into
organized postmitotic muscle fibers and begin expressing
sarcomeric proteins. mBAM contractions generally begin
5–6 days postcasting, that is, 3–4 days after switching to dif-
ferentiation medium (Fig. 4C). Maximal active tetanic force
reaches a plateau after 7–9 days postcasting and can be
maintained at this level for at least another 5–7 days.
Screening of compounds that affect muscle fiber strength is
initiated once this plateau had been reached. To validate the
assay, the effect of a well-established skeletal muscle ana-
bolic factor (insulin-like growth factor-1)76 was tested. Active
mBAM force generation was significantly increased by 2 days
after addition of insulin-like growth factor-1 to the tissue
culture medium and continued to increase for the next 2–4
days to levels two- to threefold greater than control mBAMs
(Fig. 4D). Identifying components that have detrimental ef-
fects on the musculoskeletal system is also an important role
for MFAS, and the effect of a skeletal muscle catabolic fac-
tor was therefore tested. Dose-dependent skeletal muscle
weakness is a main side effect of cholesterol lowering statins,
affecting 7% of patients on statin monotherapy, and causing
serious myositis and rhabdomyolysis in 0.2–0.3% of the pa-
tient population.77,78 When the statin atorvastatin was added
to the mBAMs there was a concentration- and time-dependent
decrease in active force generation,70 even at levels as low as
0.01 mM, a level close to the reported circulating plasma levels
for the drug. MFAS thus appears to be a reliable HCS tech-
nology for assaying compounds that affect skeletal muscle
strength and identifying new potential treatments for muscle
weakness resulting from various disorders such as cancer
cachexia, aging, and various neuromuscular diseases.

A significant advantage of drug screening with engineered
tissues is the ability to utilize cells from either humans with a
neuromuscular disorder affecting muscle function or equiv-
alent rodent models of the diseases. DMD is a progressive,
lethal, muscle-wasting disease resulting from a defect in the
dystrophin gene.79 A genetic murine homolog of DMD exists

(mdx), and the myoblasts from the mdx mouse have been
conditionally immortalized,80 providing an ideal cell source
to screen for compounds that might attenuate the progres-
sive muscle weakness associated with the disease. While not
a cure, identification of factors that improve muscle function
in boys with DMD could lead to an improved quality of life.
mdx mBAMs were tissue engineered from mdx myoblasts
and generated active forces comparable to control murine
mBAMs. Thirty-one compounds of interest as potential
treatments for patients with DMD were tested with MFAS at
three to six concentrations.75 Eleven of the compounds sig-
nificantly increased mdx mBAM tetanic force relative to
placebo-treated controls. The assay also identified benefi-
cial compound interactions as well as deleterious interactions
of combinatorial therapies taken by some DMD patients.
In vitro mdx muscle and DMD patients thus responded in a
similar manner to many of these compounds, and the in vitro
assay will be a useful tool for the rapid identification of new
potential treatments for muscle weakness in DMD and other
muscle disorders. More recently, an immortalized human
myoblast from a DMD patient has been described47 and
may eventually serve as a useful screen directly on diseased
human muscle tissue.

Limitations of In Vitro Functional Screening
with Engineered Musculoskeletal Tissues

The pathophysiology of most musculoskeletal disorders
is complicated, involving a multitude of organs and tissues
in the body. For example, the loss of the dystrophin protein
in boys with DMD can impact not only the muscle fibers

FIG. 5. (A) Semiautomated versus. (B) automated high-
content screening with engineered tissues.
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directly, but also the supporting connective tissue, its vascu-
lature, and innervation.11 Compound screening with tissue-
engineered muscle constructs therefore has significant
limitations as to its overall relevance in predicting a drug’s
effect in vivo. In mBAMs the muscle fibers are noninnervated
and not fully differentiated, expressing a mixture of embry-
onic, neonatal, and adult myosin isoforms.70 The striated
myofibers in the mBAMs are thus of a more neonatal than
adult fiber type and may prove to be a better predictor of
compounds for use in younger DMD patients who may have
different therapeutic requirements than older patients.81 The
surrounding extracellular environment in mBAMs is also quite
different from in vivo muscle, with a lack of blood vessels and
complex extracellular matrix components. Beneficial com-
pounds acting as antifibrotic agents, through the vasculature,
or on the inflammatory response will thus be missed in the
in vitro mBAM assay. Amino acid supplements may be effec-
tive in vivo but ineffective in vitro since the tissue culture
medium has been optimized previously for cell growth. Other
compounds such as those aimed at minimizing muscle
contraction–inducedmembranedamagewillalsobemissedwith
the active tetanic force assay. The mBAM-screening technology
is currently being expanded to measure other physiological
parameters such as muscle contraction rate, relaxation rate,
muscle fatigue=damage, and recovery from fatigue=damage.

Future Directions

Drug screening with engineered tissues is still in its early
stages of development. Microfluidic bioreactors,82,21 micro-
fluidic scaffolds,83 and microfluidic patterning4 may all con-
tribute to a more in vivo–like environment, especially for
pharmacokinetic studies. Applied repetitive mechanical
loading on three-dimensional tissue effects tissue function62,84

and will better reflect the complex interactions of drugs on
tissue mechanics. The screening of new potential drug ther-
apies directly against a specific disease along with pharma-
cogenetics, that is, individual patient tissue screens,85 is
also an exciting future direction for the field. Skeletal muscle
stem cells are easily obtained by a simple 10-min outpatient
biopsy procedure38 and expandable to the numbers required
for limited screening for optimal individual response to drug
treatments. Physiologic-based HCS technologies assaying
skeletal muscle function with invertebrate and vertebrate
models are under development [Caenorhabditis elegans86,87 and
zebrafish88–90], and these assays may detect compound effects
on organ systems not present in the tissue engineered con-
structs. Finally, induced pluripotent stem (iPS) cells,91 and
embryonic stem cells92,93 are potential future sources of cells
for engineered tissue drug-screening applications.
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