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Abstract: How structure relates to
function—across spatial scales,
from the single molecule to the
whole organism—is a central
theme in biology. Bioengineers,
however, wrestle with the converse
question: will function follow form?
That is, we struggle to approximate
the architecture of living tissues
experimentally, hoping that the
structure we create will lead to
the function we desire. A new
means to explore the relationship
between form and function in
living tissue has arrived with
three-dimensional printing, but
the technology is not without
limitations.

Introduction

In the 1960s field known as Bionics,

many human tissue functions were con-

sidered analogous to basic mechanical and

electrical systems, such as servomecha-

nisms [1]. Researchers made rapid prog-

ress recapitulating components of systems

found in the body, and forecasts were

made as to when human–machine inter-

faces would become so completely inte-

grated with our anatomy as to be essen-

tially undetectable. This conceptual

framework has proven useful in practice,

with contemporary work applied to hu-

man patients through surgical implants

such as knee, hip, and limb prostheses [2];

pacemakers; and cochlear and retinal

devices [3]. Although these medical devic-

es significantly improve the quality of life

for patients today, there are many func-

tions in living tissues which cannot be

addressed with electromechanical systems.

Shrewd utilization of our best materials

simply cannot replace tissues in the body

whose functions are intimately tied to their

biochemistry. For example, we don’t know

how to make a plastic or a metal that can

metabolize acetaminophen and alcohol

like the liver can.

Since cells are the major functional unit

responsible for biochemistry in the body,

efforts to separate cells from their native

environment in vivo and apply them

therapeutically in extracorporeal devices

have remained steadfast. In extracorporeal

liver-assist devices, live cells can be loaded

into bioreactor chambers outside the body

and then connected in a closed loop with

host blood circulation so that the bio-

chemical benefit from cells in the device

will positively affect the patient [4,5]. But

these strategies that are external to the

body, including dialysis of blood during

kidney failure, lead to their own morbid-

ities and are not suitable long-term

therapies [6].

Cells loaded into extracorporeal devices

or growing at the bottom of a Petri dish

bear little resemblance to the exquisite

anatomical complexity found in the hu-

man body. Organs like the lung, heart,

brain, kidney, and liver are pervaded by

incredibly elegant yet frighteningly com-

plex vascular networks (carrying air,

lymph, blood, urine, and bile), leaving us

without a clear path toward physical

recapitulation of these tissues in the

laboratory (Figure 1). However, we don’t

need to fully understand tissue organiza-

tion or all of developmental biology (e.g.,

spatiotemporal growth factor release) be-

fore we can improve the quality of life for

patients suffering from damaged or dis-

eased organs. Transplanting whole organs

from a human donor into a recipient can

provide lifelong benefit when accompanied

with immunosuppressive therapy [7,8].

Moreover, isolated cells have been shown

to be able to provide biochemical benefit

to the host, even when injected or placed

at ectopic sites inside the recipient [9–

11].

As we look toward the future, the

prospect of using a patient’s own cells to

develop living models of their active

biochemistry as well as functional, life-

lasting cellular implants offers potentially

revolutionary changes to research and

healthcare. Stem cell biologists are uncov-

ering exciting new ways to induce pluri-

potency [12] and direct lineage commit-

ment [13]. But simple questions about cell

number and cell types, their spatial

arrangement, and local extracellular and

microenvironmental considerations re-

main largely intractable because of diffi-

culties in placing and culturing cells in

three-dimensional (3D) space. For exam-

ple, embryoid body aggregates containing

thousands of cells change differentiation

trajectory as a function of cell population

and microenvironmental characteristics

[14], while larger cell populations packed

at physiologic densities rapidly die because

of lack of adequate oxygen and nutrient

transport.

Recent advances in 3D printing, a suite

of technologies originally developed for

plastic and metal manufacturing, are now

being adapted to operate within the soft,

wet environments where cells function

best. Because 3D printing excels at

producing heterogeneous physical objects

of high complexity, biologists and bioen-

gineers are gaining unprecedented access
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to a rich landscape of tissue architecture

we’ve always wanted to explore.

Size Matters

Seminal work in the 1980s by Ioannis

Yannas and colleagues [15] demonstrated

that scar tissue formation in skin wounds

could be blocked by a biocompatible,

nontoxic implant made from a special

formulation of collagen and glycosamino-

glycans [16]. Notably, the implant further

supported tissue regeneration such as

normal collagen remodeling and ingrowth

of functional nerves and blood vessels, yet

remained devoid of more localized skin

appendages such as hair follicles, seba-

ceous and sweat glands. Tissue engineer-

ing has since evolved to combine cells, a

scaffold, and bioactive factors into a

construct for study or implantation, with

steady progress in the use of other

conceptually simple and thin tissues such

as cornea [17] and bladder [18], to restore

function in human patients. Only one or

two cell types are needed pre-implanta-

tion, and the body seems able to ade-

quately make up the difference to get

desired function.

Thin tissues require comparatively few

cells. One study implanted a thin construct

of hepatocytes subcutaneously in rodents

and the cells were observed to proliferate

and function normally [9], but such thin

constructs cannot compensate for a whole

liver. Scaling up tissue constructs is first

and foremost a numbers game. Although

humans are thousands of times larger than

mice, human cells and mouse cells are

about the same size. So, to translate thin

tissue studies in mice to cellularized solid

organ therapies for humans, we are going

to need to be able to grow a lot more cells.

With the minimum therapeutic threshold

for solid organ replacement estimated at

1–10 billion functioning cells (Figure 2),

current expertise in the field is still off by

several orders of magnitude.

More subtly, the challenge is also one of

cell density. More than 15 years ago,

Laura Niklason and Bob Langer observed

that "…gels seeded with cells have been

limited by the fact that the resultant cell

densities per unit volume that can be

achieved are much lower than those

observed in vivo…’’ [19]. Little has

changed here because of difficulties in

keeping cells alive in culture at high

density [20,21]. Why does cell density

matter? We know that many cells require

Figure 1. Anatomical complexity remains unsolved. (A) Leonardo da Vinci famously recognized the interpenetrating networks of lung
vasculature and branched airways with his detailed drawings (c. 1500). Image courtesy of the European Union Leonardo Digitale. (B) Whole-lung
vasculature can be reconstructed and visualized from computed tomography (CT) scans. Reprinted with permission from [61]. (C) Air sac architecture
of adult rat lung (electron micrograph of decellularized resin cast). Image courtesy of Laura Niklason, additional research available via [25], scale bar =
1 mm. (D) Optical projection tomography image of an embryonic day 15 mouse lung undergoing branching morphogenesis. Epithelium (E-Cadherin,
magenta), future conducting airways (SOX2, white). Image courtesy of Jichao Chen, additional research available via [62], scale bar = 500 mm.
doi:10.1371/journal.pbio.1001882.g001
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close or direct contact with neighbors in

order to function [22], whether during

embryonic morphogenesis and develop-

ment, homeostasis, or wound healing. So,

just having 10 billion functioning cells

growing across dozens of Petri dishes will

not solve the problem. We will need to

figure out how to organize cells into

structures where their proper phenotype

is reinforced.

Yet, it’s not clear which anatomical

components are necessary and sufficient

for tissue function and which are superflu-

ous trappings. Do we need microtissues

with multiscale vasculature, or are organ-

on-a-chip systems [23] adequate? Decellu-

larized organs, which are then recellular-

ized, have demonstrated great potential for

tissue engineering applications [24–27] but

lack a degree of architectural control which

may be necessary for the experimentalist.

To answer this question, we need tools

which can dictate the cellular components,

the extracellular matrix, and the interstitial

fluidic space of engineered tissues with high

precision in all three dimensions. Recent

efforts in 3D printing are now providing

exactly these capabilities, and automation

and reproducibility are intrinsically built in.

3D Printing: Engineering Layer-
by-Layer

Biologists and bioengineers are experts

at adapting technologies developed in

other industries for our own research

endeavors. Techniques to organize or

orient living cells on surfaces, for example,

have come from modifying technologies

from the microprocessor industry [28].

The arrival of 3D printing for the

manufacture of objects of arbitrary com-

plexity promises a sea change in tissue

engineering and experimental biology.

3D printing is an iterative, additive

technology. Rather than starting with a

block of material and removing what is

undesirable in a subtractive process (as in

sculpting or milling), additive manufactur-

ing starts from nothing and selectively

builds, one layer at a time, an object of

interest according to computer instruc-

tions. A dizzying array of technologies are

currently in use, and all are potentially

adaptable to engineering living tissues

(Figure 3). An additive approach is unique

among manufacturing technologies be-

cause it gives the user independent access

to every (x,y,z) coordinate—termed

"voxel’’ (a portmanteau of volume and

pixel)—within a given volume. Access to

each voxel can make 3D printing rather

slow: each time print resolution is doubled,

the number of required voxels scales by a

factor of eight (because 23~8). But the

capabilities of 3D printing are best dem-

onstrated in the fabrication of struc-

tures that cannot be made in any other

way.

Figure 2. Tissue engineering. Investigations with engineered tissue constructs currently span at least eight orders of magnitude. Yet, the
minimum therapeutic threshold for recapitulating solid organ function in humans is estimated at the level of 1–10 billion functioning parenchymal
cells. We still have a ways to go.
doi:10.1371/journal.pbio.1001882.g002
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One conceptual approach to adapt 3D

printing technologies for biology and

medicine is a substitution of the commonly

used resins (such as acrylates) and plastics

(such as acrylonitrile butadiene styrene)

with biocompatible, nontoxic materials

like polylactic acid (PLA) and polycapro-

lactone (PCL). Recently, this approach

was used to successfully treat an infant in

respiratory distress. Doctors used nonin-

vasive anatomical scanning to map the

tracheal defect, then designed and printed

a tracheal splint made entirely from PCL

[29]. The patient achieved marked im-

provement in respiration, and the splint is

expected to be fully resorbed within three

years. Dental prostheses can be made with

3D printers in a doctor’s private medical

practice, further highlighting patient-spe-

cific customization advantages and broad

clinical adoption of the technology [30].

To adapt 3D printing for the manufac-

ture of living tissues, cells and extracellular

matrix (ECM) are combined as ink in a

process known as bioprinting. Inkjet

printing [31], light-projection photolithog-

raphy [32–34], and syringe-based extrusion

[35,36] allow the selective deposition of

tissues in reproducible and heterogeneous

patterns. Microvascular cells can be

inkjet printed in fibrin [37], cellular

aggregates made from chinese hamster

ovary (CHO) cells or fibroblasts can be

extruded among a supporting stroma of

agarose [38], and primary aortic cells can

be printed in the shape of their parent valve

based on digitized microcomputed tomog-

raphy (micro-CT) scans [39]. Besides ink

considerations such as viscosity and cross-

linking chemistry, cell handling is a major

challenge. Some of the cell types most

desirable for printing, such as hepatocytes,

are actually quite fragile cells in culture;

they may not survive the 3D printing

process itself [31]. Taking inkjet printing

as an example, although droplet ejection

frequencies of around 20 kHz have been

achieved [40], ejection of cells can induce

transient nanopores in printed cells [41],

which may explain some of the cell damage

observed in this process. Just-in-time cell

harvesting, microfluidic culture devices, or

automated cell sheet manipulation [42]

may improve the scalability and complexity

of construct fabrication.

In contrast to these additive cellular

inks, temporary inks can be printed,

encased, and then selectively removed

later [43,44]. A distant relative of lost-

wax casting, this sacrificial molding strat-

egy trades most of the precision of specific

cell placement for accurately structuring

the negative space in tissues. For example,

Figure 3. Overview of 3D printing. (A) A 3D model can be generated and visualized in a wide range of software packages. 3D model available
under Creative Commons license via Thingiverse.com, courtesy of artists Barak Moshe and Faberdashery. (B) The surface topology is simplified to a
mesh comprising a series of 3D coordinates (vertices) and the triangles (faces) that connect them. (C) The surface mesh is computationally sliced
layer-by-layer to calculate machine instructions suitable for 3D printing. Machine instructions can be visualized en face or in cross-section (inset). (D)
3D printing via melt extrusion (inset) can easily achieve layer heights which surpass the resolution of human fingerprints. Scale bar = 1 mm. (E) A
selection of the diverse parameter space of 3D printing technologies. Many dozens of different combinations are in practice today.
doi:10.1371/journal.pbio.1001882.g003
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smooth channels and tubes can be pat-

terned and perfused [45] to keep resident

cells alive at densities not currently

possible with bioprinting [21,46]. The

combination of sacrificial inks with bio-

printing approaches may yield a hybrid

strategy giving the best characteristics

from each technique: heterogeneous cell

patterning and perfusable vasculature

[47].

Importantly, the ethos of the open-

source software movement—making de-

signs and code, like the Linux computer

operating system, freely and legally avail-

able to anyone—has now bled into

hardware designs and the software tool-

chain for 3D printers. The result is an

explosion of more than 75,000 3D printers

in operation worldwide by both research-

ers and hobbyists eager to help with

focused scientific exploration [21,48].

Yet, the most ubiquitous digital file format

used for 3D printing—the stereolithogra-

phy file (STL)—lacks any hierarchy to

represent the structure of living tissue. The

STL file only describes the surface of a 3D

volume and contains no information about

its internal space. The National Insti-

tutes of Health (NIH) has launched a

new data bank for 3D printing (http://

3dprint.nih.gov/) which may help to

address this standardization problem.

Protein crystallographers once wrestled

with a similar challenge to define an all-

inclusive file format for 3D data, resolved

by the Research Collaboratory for Struc-

tural Bioinformatics (RCSB) open protein

data bank (PDB) file format; nearly

100,000 protein structures have been

centrally and publicly archived since

1971.

Simplification of the hardware and

software tools required for 3D printing

mean the technology is becoming accessi-

ble even to non-experts. The diversity of

interests in 3D printing, coupled with the

wide distribution of printers themselves,

mean a plethora of opportunities exist for

applying 3D printing to biology and

medicine (Box 1).

Plugging It In

The inexorable need for a continuous

supply of oxygen and nutrients to maintain

cell viability is a major limiting factor in

the engineering of tissues containing living

cells. Diffusion alone is sufficient for the

growth of human cell aggregates up

to several hundred micrometers thick;

however, large cell aggregates develop

necrotic cores. The challenge remains

one of mass transport—how to get oxygen

and nutrients in and waste products out of

tissue constructs (Figure 4; animation

available as supporting information Movie

S1). Given the difficulties of mapping

interstitial nutrient gradients in vivo, the

path toward constructs containing billions

of cells remains unclear.

Bulk perfusion of sponge-like macro-

porous tissue constructs in bioreactors can

keep resident cells alive. However, seeded

cells can secrete their own insoluble

protein matrix into the porous void space,

eventually restricting all mass transport

[49]. Moreover, although parenchymal

cells appear to be resilient to dramatic

changes in their microenvironment, blood

shows no such flexibility [50]. Perpetual

difficulties in making simple extracorpore-

al devices and small-diameter vascular

grafts (below 6 mm in diameter) have

been hampered by fundamental hemody-

namics and blood clotting biochemistry,

especially in terms of acute and potentially

lethal complications (e.g., stroke, heart

attack, and pulmonary embolism). So, it’s

unclear how porous cellularized foams

could be perfused with whole blood in

the body.

To develop living tissue implants that

can survive beyond the diffusion limits of

oxygen in the interstitial fluids, we may

need to construct new vascular networks

that can be plumbed into the host

vasculature and permit blood flow. Pre-

vascularized implanted tissues can inte-

grate into the host vasculature [51–53],

but this takes anywhere from days to

weeks. We will need to speed up the

process for billion-cell constructs because

necrosis can occur within hours, whether

in engineered tissues or in donor organs

for transplantation.

Basic anatomy demonstrates that iden-

tical organs from different people have

unique vascular architectures, yet these

organs can still function similarly for each

person. While major arteries and veins are

genetically encoded and form during em-

bryogenesis [54–56], the microvasculature

is remodeled based on local forces and

needs [57]. Indeed, the vessel architec-

ture of the retina is more distinct among

Box 1. Choose Your Own Adventure: An Abundance of
Opportunities for 3D Printing

Cascading Signals The dynamism of biology is exemplified with spatial
signaling cascades such as Notch, Wnt, and Hedgehog, and the ability to
reconstruct models of their behavior in vitro is progressing steadily, with exquisite
genetic control [63]. Applications of 3D printing to position specific cell types in
three-dimensional arrangements and dictate their crosstalk may provide the
experimental platform on which to test advanced multiscale computational
models [64].

Cooperativity and Morphogenesis To understand morphogenesis and
cooperativity in large-scale tissues, we need techniques which can pattern cell
populations to focus and understand their behavior [65,66] in all three
dimensions [67]. For example, models of angiogenesis, the sprouting of new
blood vessels from pre-existing ones, are transitioning into 3D [46] and are
backed by multiscale models [68]. When coupled with readouts that can measure
cellular activity with spatiotemporal perspective, we might be able to better
direct cellular motions and tissue deformations and stresses [69–71].

Disease Progression Building physiologically relevant models of disease
progression [72] is another area ripe for extension to 3D models. For example,
in vitro models of tumor biology are providing new opportunities [69,73–75]. In
cancer, computational models of mass transport [76] have had difficulties making
accurate predictions of chemotherapeutic potential because of the complexities
of measuring, verifying, and correlating mass transport directly in patients; every
tumor is heterogeneous and unique. Our changing understanding of cancer
forces continued revision of conceptual models [77–79], which may benefit from
3D printing approaches, rigorous in vitro analysis [80], and correlation to human
clinical data [81].

Pharmaceutical Applications The promise of organ-on-a-chip systems [23] is
that they physically model key aspects of human physiology with human cells. So
it may be possible to bring high-throughput drug testing directly to cultured,
vascularized human tissues fabricated with 3D printing. Further, since patient-
specific responses to drugs are hard to predict, these technologies may one day
make it possible to test drugs on cells cultured from specific patients, thereby
helping to predict their best therapeutic cocktail and highest tolerable dose.
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people than their fingerprints. Thus, it is

not necessarily the exact x, y, and z

coordinates of individual vessels that

permit organ function. Rather, the

overall transport of blood components

that results from vessel architecture is a

principal factor defining healthy and dis-

eased tissue (e.g., vessel tortuosity, red

blood cell velocity, pO2, and pH). So, to

solve transport questions in engineered

tissues, it is likely that more than one

architectural solution is possible

(Figure 5).

Innervation of native vasculature is

important for vasodilation and vasocon-

striction and, thus, for regulating blood

pressure throughout the body. But the

neurovascular junction probably isn’t crit-

ical for initial attempts to synthesize living

tissue. Transplanted human hearts, for

example, are not surgically tied to the

nerves of the recipient; they beat at their

own pace. And proximal sensory nerves

can innervate and restore feeling in

regenerated skin substitutes. So it may

be that such re-innervation will work in

other engineered organ systems. Individ-

ual neuronal processes running up to

several feet in length will not likely be

deposited with 3D printing anytime soon,

although the concept of 3D printing

inside shear-thinning gels [45,47] pro-

vides an intriguing opportunity for neural

printing, because long strands are easily

deposited.

Building the Future

Once questions of architecture for a

given tissue construct are answered in

the laboratory, extending toward human

therapy will require addressing a new set

of challenges. Constructs made by 3D

printing, especially those containing living

cells, are subject to an evolving regulatory

pathway to the clinic for treatment of

human patients. Recent reviews shed light

on some of these hurdles, such as how to

keep tissue fabrication sterile, quality

assurance, and the changing landscape

of venture funding for human clinical

trials [58,59]. Designing 3D printing

systems with these good manufacturing

practice (GMP) considerations already

planned or incorporated can only benefit

the translational workflow from research

to development, albeit at significantly

increased cost. In particular, there are

immediate opportunities for developers of

biomaterial inks and 3D printers to

commercialize their work for use in

experimental research.

We are still at the early stages, with

access to 3D printing technologies ex-

panding at rates akin to the personal

computer revolution of the 1980s. Stan-

dardization and automation of tissue

assembly, especially when based on

open-source or publicly disclosed stan-

dards, will continue to aid in reproduc-

ibility across laboratory groups, just as

polystyrene Petri dishes have standardized

monolayer cell culture. Besides new fabri-

cation technologies, we also need better

metrics for measuring engineered tissue

function. The size and cell density of

engineered tissues is now approaching

that of a mouse itself. Consequently,

non-invasive imaging and other related

methodologies developed primarily for

assessing animal models [57,60] will be

applied to tissue engineering research

questions with increased attention. So

how many different vascular networks will

we need to build into engineered tissues

for biology and medicine? The answer is

that we simply don’t know, so let’s start

with one.

Supporting Information

Movie S1 Journey of a molecular
nutrient through native tissues. Cel-

Figure 4. Journey of a molecular nutrient through native tissues. Cellular organization in vascularized tissues is commonly simplified into
four regimes, which are rarely recapitulated together in engineered tissue constructs. Soluble blood components vary dramatically in size,
concentration, and biochemistry, and each has distinct targets and mechanisms for negotiating tissue architecture. Artwork render and animation
(Movie S1) performed with Blender.org open-source software.
doi:10.1371/journal.pbio.1001882.g004
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Morgalla MH, et al. (2011) A simple dummy liver

assist device prolongs anhepatic survival in a

porcine model of total hepatectomy by slight

hypothermia. BMC Gastroenterol 11: 79.

6. Herrera M, Mirotsou M (2014) Stem cells:

potential and challenges for kidney repair.

Am J Physiol Renal Physiol 306: F12–F23.

7. Wagner FM (2011) Donor heart preservation and

perfusion. Appl Cardiopulm Pathophysiol 15:

198–206.

8. Valenza F, Rosso L, Gatti S, Coppola S, Froio S,

et al. (2012) Extracorporeal lung perfusion and

ventilation to improve donor lung function and

increase the number of organs available for

transplantation. Transplant Proc 44: 1826–1829.

9. Ohashi K, Yokoyama T, Yamato M, Kuge H,

Kanehiro H, et al. (2007) Engineering functional

two- and three-dimensional liver systems in vivo

using hepatic tissue sheets. Nat Med 13: 880–885.

10. Chen AA, Thomas DK, Ong LL, Schwartz RE,

Golub TR, et al. (2011) Humanized mice with

ectopic artificial liver tissues. Proc Natl Acad

Sci U S A 108: 11842–11847.

11. Hoppo T, Komori J, Manohar R, Stolz DB,

Lagasse E (2011) Rescue of lethal hepatic failure

by hepatized lymph nodes in mice. Gastroenter-

ology 140: 656–666.e2.

12. Takahashi K, Yamanaka S (2006) Induction of

pluripotent stem cells from mouse embryonic and

adult fibroblast cultures by defined factors. Cell

126: 663–676.

13. Schwartz RE, Fleming HE, Khetani SR, Bhatia SN

(2014) Pluripotent stem cell-derived hepatocyte-like

cells. Biotechnology advances 32: 504–513.

14. Bauwens CL, Peerani R, Niebruegge S, Wood-

house KA, Kumacheva E, et al. (2008) Control

Figure 5. Recapitulating whole organ vasculature. It should be possible to create whole vascularized organoids by merging current anatomical
mapping technologies with 3D printing. (A) A tissue or organ of interest is scanned via microcomputed tomography (micro-CT). Source 2D liver scans
courtesy of Chris Chen and Sangeeta Bhatia, additional research available via [10]. The resulting voxels (volumetric pixels) can be visualized and
converted into a 3D surface topology. (B) Optionally, the 3D surface mesh can be fully parametrized in order to generate, de novo, similar vascular
architectures as a new topology. (C) Native or synthetically generated vascular architectures are then computationally sliced and prepared for 3D
printing directly (in sacrificial ink) or by boolean volumetric subtraction (in additive ink). After physical cleanup, 3D printing can yield cell-laden
hydrogels containing living cells and perfusable vasculature. Shown here for clarity is an architecture with one inlet and zero outlets, but more
complete or complex architectures with multiple inlets and outlets could be achieved with this same workflow.
doi:10.1371/journal.pbio.1001882.g005

PLOS Biology | www.plosbiology.org 7 June 2014 | Volume 12 | Issue 6 | e1001882

http://www.blender.org
http://www.oshwa.org/
http://www.oshwa.org/


of human embryonic stem cell colony and

aggregate size heterogeneity influences differ-

entiation trajectories. Stem Cells 26: 2300–

2310.

15. Yannas IV, Burke JF, Orgill DP, Skrabut EM

(1982) Wound tissue can utilize a polymeric

template to synthesize a functional extension of

skin. Science 215: 174–176.

16. Heimbach D, Luterman A, Burke J, Cram A,

Herndon D, et al. (1988) Artificial dermis for

major burns. A multi-center randomized clinical

trial. Ann Surg 208: 313–320.

17. Nishida K, Yamato M, Hayashida Y, Watanabe

K, Yamamoto K, et al. (2004) Corneal recon-

struction with tissue-engineered cell sheets com-

posed of autologous oral mucosal epithelium.

N Engl J Med 351: 1187–1196.

18. Atala A, Bauer SB, Soker S, Yoo JJ, Retik AB

(2006) Tissue-engineered autologous bladders for

patients needing cystoplasty. Lancet 367: 1241–

1246.

19. Niklason LE, Langer RS (1997) Advances in

tissue engineering of blood vessels and other

tissues. Transpl Immunol 5: 303–306.

20. Radisic M, Yang L, Boublik J, Cohen RJ, Langer

R, et al. (2004) Medium perfusion enables

engineering of compact and contractile cardiac

tissue. Am J Physiol Heart Circ Physiol 286:

H507–H516.

21. Miller JS, Stevens KR, Yang MT, Baker BM,

Nguyen DH, et al. (2012) Rapid casting of

patterned vascular networks for perfusable engi-

neered three-dimensional tissues. Nat Mater 11:

768–774.

22. Hui EE, Bhatia SN (2007) Micromechanical

control of cell-cell interactions. Proc Natl Acad

Sci U S A 104: 5722–5726.

23. Huh D, Matthews BD, Mammoto A, Montoya-

Zavala M, Hsin HY, et al. (2010) Reconstituting

organ-level lung functions on a chip. Science 328:

1662–1668.

24. Uygun BE, Soto-Gutierrez A, Yagi H, Izamis

ML, Guzzardi MA, Shulman C, et al. (2010)

Organ reengineering through development of a

transplantable recellularized liver graft using

decellularized liver matrix. Nat Med 16: 814–

820.

25. Petersen TH, Calle EA, Zhao L, Lee EJ, Gui L, et

al. (2010) Tissue-engineered lungs for in vivo

implantation. Science 329: 538–541.

26. Lu TY, Lin B, Kim J, Sullivan M, Tobita K, et al.

(2013) Repopulation of decellularized mouse

heart with human induced pluripotent stem cell-

derived cardiovascular progenitor cells. Nat

Commun 4: 2307.

27. Tsuchiya T, Sivarapatna A, Rocco K, Nana-

shima A, Nagayasu T, et al. (2014) Future

prospects for tissue engineered lung transplan-

tation: Decellularization and recellularization-

based whole lung regeneration. Organogenesis

10. E-pub ahead of print. doi:10.4161/

org.27846

28. Singhvi R, Kumar A, Lopez GP, Stephanopoulos

GN, Wang DI, et al. (1994) Engineering cell

shape and function. Science 264: 696–698.

29. Zopf DA, Hollister SJ, Nelson ME, Ohye RG,

Green GE (2013) Bioresorbable airway splint

created with a three-dimensional printer.

N Engl J Med 368: 2043–2045.

30. Fielding GA, Bandyopadhyay A, Bose S (2012)

Effects of silica and zinc oxide doping on

mechanical and biological properties of 3D

printed tricalcium phosphate tissue engineering

scaffolds. Dent Mater 28: 113–122.

31. Derby B (2012) Printing and prototyping of

tissues and scaffolds. Science 338: 921–926.

32. Itoga K, Yamato M, Kobayashi J, Kikuchi A,

Okano T (2004) Cell micropatterning using

photopolymerization with a liquid crystal device

commercial projector. Biomaterials 25: 2047–

2053.

33. Chan V, Jeong JH, Bajaj P, Collens M, Saif T, et

al. (2012) Multi-material bio-fabrication of hy-

drogel cantilevers and actuators with stereolitho-

graphy. Lab Chip 12: 88–98.

34. Dean D, Jonathan W, Siblani A, Wang MO, Kim

K, et al. Continuous Digital Light Processing

(cDLP): Highly Accurate Additive Manufacturing

of Tissue Engineered Bone Scaffolds. Virtual Phys

Prototyp 7: 13–24.

35. Marga F, Jakab K, Khatiwala C, Shepherd B,

Dorfman S, et al. (2012) Toward engineering

functional organ modules by additive manufac-

turing. Biofabrication 4: 022001.

36. Jones N (2012) Science in three dimensions: the

print revolution. Nature 487: 22–23.

37. Cui X, Boland T (2009) Human microvasculature

fabrication using thermal inkjet printing technol-

ogy. Biomaterials 30: 6221–6227.

38. Mironov V, Visconti RP, Kasyanov V, Forgacs

G, Drake CJ, et al. (2009) Organ printing: tissue

spheroids as building blocks. Biomaterials 30:

2164–2174.

39. Duan B, Hockaday LA, Kang KH, Butcher JT

(2013) 3D bioprinting of heterogeneous aortic

valve conduits with alginate/gelatin hydrogels.

J Biomed Mater Res A 101: 1255–1264.

40. Derby B (2010) Inkjet printing of functional and

structural materials: fluid property requirements,

feature stability, and resolution. Annu Rev Mater

Res 40: 395–414.

41. Cui X, Dean D, Ruggeri ZM, Boland T (2010)

Cell damage evaluation of thermal inkjet printed

Chinese hamster ovary cells. Biotechnol Bioeng

106: 963–969.

42. Kikuchi T, Shimizu T, Wada M, Yamato M,

Okano T (2014) Automatic fabrication of 3-

dimensional tissues using cell sheet manipulator

technique. Biomaterials 35: 2428–2435.

43. Sachlos E, Reis N, Ainsley C, Derby B,

Czernuszka JT (2003) Novel collagen scaffolds

with predefined internal morphology made by

solid freeform fabrication. Biomaterials 24: 1487–

1497.

44. Therriault D, White SR, Lewis JA (2003) Chaotic

mixing in three-dimensional microvascular net-

works fabricated by direct-write assembly. Nat

Mater 2: 265–271.

45. Wu W, DeConinck A, Lewis JA (2011) Omnidi-

rectional printing of 3D microvascular networks.

Adv Mater 23: H178–H183.

46. Zheng Y, Chen J, Craven M, Choi NW, Totorica

S, et al. (2012) In vitro microvessels for the study

of angiogenesis and thrombosis. Proc Natl Acad

Sci U S A 109: 9342–9347.

47. Kolesky DB, Truby RL, Gladman AS, Busbee

TA, Homan KA, et al. (2014) 3D Bioprinting of

Vascularized, Heterogeneous Cell-Laden Tissue

Constructs. Adv Mater 26: 3124–3130.

48. Symes MD, Kitson PJ, Yan J, Richmond CJ,

Cooper GJ, et al. (2012) Integrated 3D-printed

reactionware for chemical synthesis and analysis.

Nat Chem 4: 349–354.

49. Pham QP, Kasper FK, Scott Baggett L, Raphael

RM, Jansen JA, et al. (2008) The influence of an

in vitro generated bone-like extracellular matrix

on osteoblastic gene expression of marrow

stromal cells. Biomaterials 29: 2729–2739.

50. McGuigan AP, Sefton MV (2007) The influence

of biomaterials on endothelial cell thrombogenic-

ity. Biomaterials 28: 2547–2571.

51. Koike N, Fukumura D, Gralla O, Au P,

Schechner JS, et al. (2004) Tissue engineering:

creation of long-lasting blood vessels. Nature 428:

138–139.

52. Koffler J, Kaufman-Francis K, Shandalov Y,

Egozi D, Pavlov DA, et al. (2011) Improved

vascular organization enhances functional inte-

gration of engineered skeletal muscle grafts. Proc

Natl Acad Sci U S A 108: 14789–14794.

53. Baranski JD, Chaturvedi RR, Stevens KR,

Eyckmans J, Carvalho B, et al. (2013) Geometric

control of vascular networks to enhance engi-

neered tissue integration and function. Proc Natl

Acad Sci U S A 110: 7586–7591.

54. Zhong TP, Childs S, Leu JP, Fishman MC (2001)

Gridlock signalling pathway fashions the first

embryonic artery. Nature 414: 216–220.

55. Lu X, Le Noble F, Yuan L, Jiang Q, De Lafarge

B, et al. (2004) The netrin receptor UNC5B

mediates guidance events controlling morphogen-

esis of the vascular system. Nature 432: 179–186.

56. Baldessari D, Mione M (2008) How to create the

vascular tree? (Latest) help from the zebrafish.

Pharmacol Ther 118: 206–230.

57. Udan RS, Vadakkan TJ, Dickinson ME (2013)

Dynamic responses of endothelial cells to changes

in blood flow during vascular remodeling of the

mouse yolk sac. Development 140: 4041–4050.

58. Atala A, Kasper FK, Mikos AG (2012) Engineer-

ing complex tissues. Sci Transl Med 4: 160rv12.

59. Pashuck ET, Stevens MM (2012) Designing

regenerative biomaterial therapies for the clinic.

Sci Transl Med 4: 160sr4.

60. Richards LM, Kazmi SMS, Davis JL, Olin KE,

Dunn AK (2013) Low-cost laser speckle contrast

imaging of blood flow using a webcam. Biomed

Opt Express 4: 2269–2283.

61. Shikata H, McLennan G, Hoffman EA, Sonka M

(2009) Segmentation of Pulmonary Vascular

Trees from Thoracic 3D CT Images .

Int J Biomed Imaging 2009: 636240.

62. Chang DR, Martinez Alanis D, Miller RK, Ji H,

Akiyama H, et al. (2013) Lung epithelial branch-

ing program antagonizes alveolar differentiation.

Proc Natl Acad Sci U S A 110: 18042–18051.

63. Sprinzak D, Lakhanpal A, Lebon L, Santat LA,

Fontes ME, et al. (2010) Cis-interactions between

Notch and Delta generate mutually exclusive

signalling states. Nature 465: 86–90.

64. Hester SD, Belmonte JM, Gens JS, Clendenon

SG, Glazier JA (2011) A multi-cell, multi-scale

model of vertebrate segmentation and somite

formation. PLoS Comput Biol 7: e1002155.

65. Vedula SRK, Leong MC, Lai TL, Hersen P,

Kabla AJ, et al. (2012) Emerging modes of

collective cell migration induced by geometrical

constraints. Proc Natl Acad Sci U S A 109:

12974–12979.

66. Desai RA, Gopal SB, Chen S, Chen CS (2013)

Contact inhibition of locomotion probabilities

drive solitary versus collective cell migration.

J R Soc Interface 10: 20130717.

67. Nawroth JC, Lee H, Feinberg AW, Ripplinger

CM, McCain ML, et al. (2012) A tissue-

engineered jellyfish with biomimetic propulsion.

Nat Biotechnol 30: 792–797.

68. Rekhi R, Qutub AA (2013) Systems approaches

for synthetic biology: a pathway toward mamma-

lian design. Front Physiol 4: 285.

69. Gleghorn JP, Manivannan S, Nelson CM (2013)

Quantitative approaches to uncover physical

mechanisms of tissue morphogenesis. Curr Opin

Biotechnol 24: 954–961.

70. Nakano T, Ando S, Takata N, Kawada M,

Muguruma K, et al. (2012) Self-formation of optic

cups and storable stratified neural retina from

human ESCs. Cell Stem Cell 10: 771–785.

71. Lancaster MA, Renner M, Martin CA, Wenzel

D, Bicknell LS, et al. (2013) Cerebral organoids

model human brain development and microceph-

aly. Nature 501: 373–379.

72. Monzack EL, Masters KS (2012) A time course

investigation of the statin paradox among valvular

interstitial cell phenotypes. Am J Physiol Heart

Circ Physiol 303: H903–H909.

73. Ghajar CM, Bissell MJ (2010) Tumor engineer-

ing: the other face of tissue engineering. Tissue

Eng Part A 16: 2153–2156.

74. Hutmacher DW, Loessner D, Rizzi S, Kaplan

DL, Mooney DJ, et al. (2010) Can tissue

engineering concepts advance tumor biology

research? Trends Biotechnol 28: 125–133.

75. Ghajar CM, Peinado H, Mori H, Matei IR,

Evason KJ, et al. (2013) The perivascular niche

regulates breast tumour dormancy. Nat Cell Biol

15: 807–817.

PLOS Biology | www.plosbiology.org 8 June 2014 | Volume 12 | Issue 6 | e1001882



76. Jain RK (1987) Transport of molecules across

tumor vasculature. Cancer Metastasis Rev 6:
559–593.

77. Jain RK (2005) Normalization of tumor vascula-

ture: an emerging concept in antiangiogenic
therapy. Science 307: 58–62.

78. Conley SJ, Gheordunescu E, Kakarala P, New-
man B, Korkaya H, et al. (2012) Antiangiogenic

agents increase breast cancer stem cells via the

generation of tumor hypoxia. Proc Natl Acad

Sci U S A 109: 2784–2789.
79. Stylianopoulos T, Jain RK (2013) Combining two

strategies to improve perfusion and drug delivery

in solid tumors. Proc Natl Acad Sci U S A 110:
18632–18637.

80. Zervantonakis IK, Hughes-Alford SK, Charest
JL, Condeelis JS, Gertler FB, et al. (2012) Three-

dimensional microfluidic model for tumor cell

intravasation and endothelial barrier function.

Proc Natl Acad Sci U S A 109: 13515–
13520.

81. Pascal J, Bearer EL, Wang Z, Koay EJ, Curley

SA, et al. (2013) Mechanistic patient-specific
predictive correlation of tumor drug response

with microenvironment and perfusion measure-
ments. Proc Natl Acad Sci U S A 110: 14266–

14271.

PLOS Biology | www.plosbiology.org 9 June 2014 | Volume 12 | Issue 6 | e1001882


