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Tissue engineering is currently limited by the inability to adequately vascularize tissues in vitro or in vivo. Issues
of nutrient perfusion and mass transport limitations, especially oxygen diffusion, restrict construct development
to smaller than clinically relevant dimensions and limit the ability for in vivo integration. There is much interest
in the field as researchers have undertaken a variety of approaches to vascularization, including material
functionalization, scaffold design, microfabrication, bioreactor development, endothelial cell seeding, modular
assembly, and in vivo systems. Efforts to model and measure oxygen diffusion and consumption within these
engineered tissues have sought to quantitatively assess and improve these design strategies. This review assesses
the current state of the field by outlining the prevailing approaches taken toward producing vascularized tissues
and highlighting their strengths and weaknesses.

Introduction

Arguably the biggest challenge in the field of tissue
engineering remains mass transfer limitations. This is

the limiting factor in the size of any tissue construct grown
in vitro, as well as the subsequent integration of these con-
structs in vivo, regardless of the tissue-specific goal. Within
the body, most cells are found no more than 100–200 mm
from the nearest capillary, with this spacing providing suf-
ficient diffusion of oxygen, nutrients, and waste products to
support and maintain viable tissue.1 Likewise, when tissues
grown in the laboratory are implanted into the body, this
diffusion limitation allows only cells within 100–200 mm from
the nearest capillary to survive.2 Thus, it is critical that a
tissue be prevascularized before implantation with proper
consideration given to the cell and tissue type, oxygen and
nutrient diffusion rates, overall construct size, and integra-
tion with host vasculature. In the laboratory, limited diffu-
sion of oxygen is the primary reason that construction of
tissues greater than a few hundred microns in thickness is
currently not practicable. As most constructs rely on diffu-
sion for oxygen transport into the tissue, gradients are often
produced within the constructs, resulting in spatial varia-
tions in cell number, viability, and phenotype stemming
from differences in oxygen and nutrient concentration.

Current approaches to address this pervasive problem in
the field generally fall into six major categories: (a) scaffold
functionalization, (b) cell-based techniques, (c) bioreactor
designs, (d) microelectromechanical systems (MEMS)–related
approaches, (e) modular assembly, and (f) in vivo systems
(Fig. 1). Scaffolds may be functionalized through different
angiogenic factor–loading techniques or through increased

porosity or channeling of scaffolds to form perfusion ele-
ments. Examples include vascular endothelial growth factor
(VEGF), platelet-derived growth factor (PDGF), and heparin-
impregnated scaffolds or laser-cored porous scaffolds,3–5 with
these systems typically aimed at encouraging angiogenesis
in vivo and reducing oxygen and nutrient gradient formation.
Bioreactor systems are designed and employed in the growth
of tissues in vitro to facilitate improved nutrient and oxygen
transport, with examples including perfusion systems, rotat-
ing systems, and spinner flasks. These systems result in im-
proved transport and can result in enhanced rate and quality
of tissues generated in vitro. The use of MEMS and micro-
fluidic technologies to recapitulate the branching network of
the microvasculature is an alternative approach being pur-
sued in many labs, with systems generally formed from
nondegradable materials such as silicone or polydimethyl
siloxane (PDMS), though more recent approaches have fo-
cused on developing degradable systems. Cell-based tech-
niques have involved cocultures of endothelial cells with the
cell type of interest as well as prevascularization both in vivo
and in vitro. These techniques can provide functional vascu-
lature throughout the construct, though issues of cell culture
time and functional anastomosis with host vessels remain a
concern. Modular assembly is a newer approach that com-
bines minimal functional units (e.g., an endothelial cell–
coated hydrogel or a microtube–hydrogel composite system)
to build up a larger vascular network. Finally, in vivo systems
such as polysurgery techniques or arteriovenous (AV) loops
utilize the natural angiogenic potential of an organism to
vascularize engineered tissues within the body.

In each case, there are two critical points to producing a
viable construct, the ability to measure and model the oxygen
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tensions throughout the engineered tissue as well as points
of functional anastomosis to connect graft-originated pre-
vascular structure with host blood vessels. For quantitative
measurement of oxygen, consideration of the flow rates
through the scaffold, diffusion coefficients within each tis-
sue region, and oxygen consumption rates of each specific
cell type dictates the overall model of oxygen distribution
within the construct. While each scaffold requires the use of
modeling equations specific to its geometric and biological
conditions, simple use of Fick’s law of diffusion, Michaelis-

Menten kinetics, Navier-Stokes equations, and Darcy’s law
for flow through porous medium often provide basic un-
derstanding of the system. Further direct measurement of
oxygen concentrations within the scaffold using oxygen
probes or oxygen-sensitive dyes allows these models to be
quantitatively evaluated, ultimately providing a more thor-
ough understanding of the vascularization process and the
oxygen requirements for a given tissue type. For establishing
a connection between prevascularized tissues and host vas-
culature, consideration for the size of connection, required

FIG. 1. Schematic diagrams of different vascularization approaches. (A) Scaffold functionalization. Tissue engineering
scaffolds may be loaded or chemically coupled with angiogenic factors, including vascular endothelial growth factor (VEGF),
basic fibroblast growth factor (bFGF), and platelet-derived growth factor (PDGF), among others. They may also be designed
and engineered to have microchannels or porous microgrooves to improve oxygen=nutrient perfusion or vascular cell
alignment, respectively. (B) Cell-based techniques. Multi-cellular spheroid cultures are used to generate capillary-like sprouts
when embedded within a biological matrix. Other cell-based techniques include the use of transfected cells to secrete
angiogenic factors within a scaffold to induce blood vessel formation. (C) Bioreactor designs. Rotating bioreactors or per-
fusion bioreactors are used to overcome issues of mass transport in culture, with perfusion bioreactors being particularly
useful for forming functional arteries in vitro. (D) Microelectromechanical systems–related approaches. Microfluidic systems
are used to form a vascular tree–like organization within a synthetic or biodegradable polymer. These systems can subse-
quently be seeded with endothelial cells to form a rudimentary vasculature. (E) Modular assembly. Microtissues composed of
cell-embedded hydrogels covered with a confluent endothelial cell layer have been combined together to form a macrotissue
under perfusion, with the endothelial cell layer acting as an antithrombogenic surface. Vessel-embedded hydrogel systems
are used to quantitatively measure nutrient and oxygen permeability before translating that knowledge into forming critically
sized multi-vascular modules with one inlet and outlet. (F) In vivo systems. Confluent cell sheets are stacked and vascularized
upon implantation adjacent to arteries and veins before building tissue thickness through the addition of more acellular
layers for vascularization. Arteriovenous (AV) loops are used to vascularize tissues in vivo within a chamber housing the
arteriovenous loop with or without an extracellular matrix (ECM) scaffold or cells. Color images available online at www
.liebertonline.com=ten.
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flow rates, and ease of integration are critical to the ultimate
viability of the implanted tissue. If a tissue-engineered con-
struct is implanted without connection to host blood vessels,
oxygen and nutrient supply becomes a diffusion-limited
process, resulting in loss of cell viability at the core of the
engineered tissue as dictated by its oxygen and nutrient re-
quirements. By designing a prevascularized tissue with
connections to host vasculature, the cells within the construct
are immediately supplied with the required nutrients from
the moment of implantation. Thus, the combination of
quantitative measurement and modeling of oxygen and nu-
trient requirements to account for proper spacing of vessels
with connection points for anastomosis to provide immedi-
ate functionality in vivo serve as the fundamental guide
points for the design of vascularized tissues.

In this review, we present the current state of the art for
each vascularization technique and the work being per-
formed using each strategy. With particular focus on trans-
lating engineered tissues from in vitro to in vivo studies, the
mechanisms of vascularization, quantitative measurements
of nutrient and oxygen diffusion, and potential for functional
anastomosis with host vasculature will be highlighted for
each technique. Further, quantitative methods to model and
measure oxygen diffusion and consumption within a tissue
will be presented. All together, this review serves to outline
the fundamental strategies needed to produce fully vascu-
larized tissues in vitro and in vivo, with focus on controlling
oxygen distribution and vascular integration.

Scaffold Functionalization

Growth factor delivery

One of the classical approaches to producing larger tissues
has been to decorate or supplement scaffolds, either natural
or synthetic, with pro-angiogenic factors such as VEGF, basic

fibroblast growth factor (bFGF), or PDGF (Table 1).6–10 This
decoration mimics the in vivo condition where these factors
are associated with the extracellular matrix (ECM) to stabi-
lize conformation and protect from proteolytic digestion or
nonspecific release.3 Single-factor release systems have fo-
cused on a broad array of different growth factors, scaffold
materials, and means of entrapment. The most basic loading
technique is to simply coat or load the scaffold with the
growth factor of interest. Loading within a natural biopoly-
mer scaffold is inviting, as they are typically processed in
aqueous conditions, are well-characterized, and may be
comprised of native ECM molecules. Collagen, in particular,
has shown promise with PDGF and has been formed into
scaffolds that enhance capillary formation in a dermal
wound healing model.11,12 Alginate scaffolds loaded with
VEGF have also been shown to promote vascularization.13

Synthetic scaffolds such as poly(lactic-co-glycolic acid) (PLGA)
mixed with VEGF have also supported increased vasculari-
zation.14,15

Beyond these basic scaffold-loading approaches, protein
modification techniques have been applied to scaffolds by
forming binding domains for angiogenic factors via fusion
proteins or coupling using 1-ethyl-3-(3-dimethylaminopro-
pyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
chemistry. Fusion proteins composed of hepatocyte growth
factor and a collagen-binding domain have been used to
facilitate loading of hepatocyte growth factor, subsequently
promoting capillary formation in gel culture in vitro as well
as blood vessel growth in vivo.16 Likewise, fusion proteins of
bFGF and fibrin-binding peptide Kringle1, or PDGF and
collagen-binding domains, have been utilized to couple
bFGF or PDGF to fibrin or collagen gels, respectively,
with each technique producing scaffolds that promoted
neovascularization in vivo in rat models.17,18 As an alterna-
tive to modifying the growth factor of interest, scaffolds can

Table 1. Summary of Currently Used Vascular Growth=Signaling Factors

Growth=signaling factor Function Critical issues References

Time course
of delivery

Vascular endothelial
growth factor

Most important family of cytokines in
neovascularization; initiator of
endothelial capillary formation;

Rapidly degraded due to
short half-life; excessive
amounts cause vascular
leakage

3, 6, 7, 14

Basic fibroblast
growth factor

Heparin-binding protein; induces
proliferation of ECs, SMCs;
initiator of endothelial capillary
formation

Rapidly diffuses, requires
controlled release;
mitogen for wide
variety of cell types

3, 18, 26

Hepatocyte
growth factor

Mitogen of hepatocytes and other
various cell types; stimulates
growth of ECs but not SMCs

Short half-life, rapid
diffusion; large
amounts of protein
required for response

17

Platelet-derived
growth factor

Mitogen for connective tissue
cells, released from platelets;
recruits SMCs to endothelial
linings; promotes vessel maturation

High levels result in
vessel destabilization;
increased activity
linked with several
diseases

9, 13, 25

Angiopoietin-1 Plays key regulatory role in
regulating vessel homeostasis;
promotes EC migration, stabilization
of newly formed capillaries

Overexpression induces
endothelial hyperplasia
and reduced vessel
leakage

3, 8, 10, 11

SMCs, smooth muscle cells; ECs, endothelial cells.
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be modified with binding sites. As an example, modification
of collagen matrices by covalently incorporating heparin
using EDC-NHS chemistry allowed for enhanced immobili-
zation of VEGF via its heparin-binding domain, and the
combination of these two angiogenic factors induced in-
creased endothelial cell growth and tube formation.19–21 Be-
yond these methods, others have directly coupled growth
factors to scaffolds including VEGF to collagen scaffolds or
generated a gene-activated matrix by coating plasmid coding
for human VEGF onto collagen sponges.22,23

While success has been realized with these different types
of bulk-loading and surface-coupling approaches, there re-
main problems with restricting the delivery of these pro-
angiogenic factors to the region of need as well as controlling
the temporal release profile.3 Thus, drug-loaded micro-
spheres incorporated into scaffolds have been explored, ei-
ther with or without bulk or surface loading as described
above. As an example, the release kinetics of two growth
factors, VEGF and PDGF, were studied together in a polymer
system (PLGA) where VEGF was mixed with the PLGA
particles used to produce the scaffold and PDGF was pre-
encapsulated into microspheres before forming the scaffold.
This procedure deposited the VEGF largely on the surface of
the polymer where it was rapidly released. The polymer-
encapsulated PDGF, however, was more evenly distributed
throughout the scaffold and was released more slowly
through bulk degradation.24 As a result, upon implanta-
tion in vivo, the mechanism of dual delivery allowed larger,
more mature blood vessels to be formed as opposed to
smaller, incomplete vessels formed using a single factor
delivery technique.24 Synthetic microsphere encapsulation
has also been used to trap bFGF in PLGA, incorporating
these microspheres into alginate scaffolds or simply inject-
ing them with small intestinal submucosa and preadi-
pocytes, both of which have been shown to significantly
enhance vascularization.25,26 In terms of biodegradable mi-
crospheres, chitosan–gelatin microspheres containing
bFGF have been developed and incorporated into a po-
rous chitosan–gelatin scaffold, demonstrating initial fast
release kinetics over 2 days before achieving a steady re-
lease profile lasting 2 weeks, displaying promise for vascu-
larization.27

Ultimately, the ability to direct the timing and release of
growth factors will control the degree of vascularization
within the tissue.28 To direct angiogenesis, it is critical to
determine the release kinetics of the angiogenic factors from
the scaffold. The time course of vascularization may not be

compatible with maintaining cell viability throughout the
construct; that is, cells at the center of the tissue undergo
apoptosis before vascularization is complete. Because of this
dependence on cell response (i.e., endothelial cell migration,
proliferation, and organization into capillary-like structures)
to vascularize the scaffold, these techniques are not highly
controllable and do not directly consider the mass transfer
requirements (i.e., oxygen and nutrients) of the cell-seeded
scaffold (Table 2). Thus, these techniques may be more ef-
fectively employed as a means of enhancing vascularization
in the context of quantitative scaffold design, where cellular
metabolism and cell density are accounted for and gradients
of vascular factors may be established through their con-
trolled release, ultimately driving the development of the
required vasculature. Further, cues from native vasculogen-
esis and angiogenesis may be applied to scaffold design,
presenting a physiologically relevant time course of release.
In natural vasculogenesis, differentiation and formation of
angioblasts into primitive blood vessels is induced by VEGF
receptor activation, with concentration gradients and main-
tenance of threshold levels required for differentiation and
angiogenesis.29 Sprouting of new vessels through angiogen-
esis is then induced by angiopoietins, ligands for the endo-
thelial cell receptor kinase TIE, which modulates VEGF
activity and may direct angiogenesis through the pattern of
signaling by VEGF and TIE receptors (TIE-1 and TIE-2).30

Immature vessels are stabilized by recruiting vascular
smooth muscle cells (SMCs) and pericytes as well as gener-
ating ECM, with this maturation and remodeling process
regulated largely by PDGF and transforming growth factor-
b1, with perfusion, shear stress, and oxygenation playing
critical roles, ultimately rendering the endothelial cells in-
dependent of VEGF.31,32 Further branching and remodeling
is controlled by matrix metalloproteinase activity, influenc-
ing cell migration and differentiation through the release of
pro-angiogenic factors within the matrix.31 Scaffold design
should apply this knowledge of the temporal expression
profiles of these cytokines during vessel development in vivo
to form biomaterial scaffolds loaded with these factors,
specifically with control over release rates over time and thus
vascular development.

Scaffold design and engineering

In addition to loading scaffolds with angiogenic factors
and controlling release profiles, the scaffolds themselves may
be engineered to promote vascularization. Through scaffold

Table 2. Scaffold Functionalization Techniques for Vascular Tissue Engineering

Growth factor delivery Scaffold design=engineering

Mechanism of vascularization Recruitment of vascular cells via
angiogenic factor release

Channels and alignment to promote
perfusion and cellular organization

Tissues and cell types cocultured Wound healing; bone, adipose, and
dermal tissue; fibroblasts

Cardiac tissue; fibroblasts

Quantitative measurement of
nutrient and oxygen diffusion

Very limited? laser Doppler to
measure perfusion in vivo

Ultrasound imaging, O2 distribution
with microelectrodes, modeling O2

gradients, nutrient diffusion chamber
Points of functional anastomosis None, only vascular cell recruitment None reported, but could be designed
References 3, 6, 12–28 5, 33–44
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design and engineering, issues of oxygen gradients and flow
regimes, as well as cell alignment and angiogenesis, may be
controlled (Table 2). In the field of tissue engineering, the
ability to maintain suitable oxygen tensions and nutrient
diffusion throughout the scaffold is critical for cell viability
and function. One of the ways that this has been addressed is
through the use of channeled scaffolds. Channeled scaffolds
have been formed by incorporating phosphate-based glass
fibers into collagen scaffolds or by using a laser cutting
system to bore holes into a scaffold.5,33 By incorporating
phosphate-based glass fibers into collagen scaffolds, channel
size and distribution is controllable based on the original size
of the glass fibers (10–50 mm) and the fiber-to-fiber spacing.
Thus, when these fibers are degraded, microchannels are
left behind that offer potential for flow and improved cell
viability.33 In a more tissue-specific approach, channeled
scaffolds formed using a laser cutting system addressed
previously observed issues of cell viability in constructs of
rat neonatal myocytes seeded on collagen sponge scaffolds.34

In previous studies, a linear decrease in oxygen concentra-
tion was observed from the surface of the construct to the
bottom, correlating with a decrease in cell viability. Cell vi-
ability was approximately 60% within 500 mm of the surface,
but quickly dropped to 5–15% at depths greater than
1000 mm.34 To address this issue, an elastomeric scaffold
[poly(glycerol-sebacate)] was developed with a parallel array
of channels (370 mm in diameter, 410mm spacing) aimed at
mimicking the capillary network and allowed for flow of
culture medium throughout the construct. This approach,
combined with addition of perfluorocarbons in the medium
as oxygen carriers, produced significantly improved cardiac
tissues based on total cell number, expression of markers of
cardiac differentiation, and excitation thresholds.5

Besides microchanneling, directing scaffold vasculariza-
tion through micro-patterning or molecular gradients has
been explored, offering scaffold cues that can effectively
dictate the migration and alignment of cells within the con-
struct. Work with scaffold patterning has included the for-
mation of grooved, porous poly-caprolactone scaffolds. These
scaffolds were produced by mixing the poly-caprolactone
with PLGA micro=nanoparticles and casting the polymer
onto a grooved surface before leaching out the micro=
nanospheres. This process produces surfaces that are con-
ducive for vascular cell alignment and also increase medium
diffusion.35 By stacking these layers, it may be possible to
build up three-dimensional (3D) tissues with cellular orga-
nization for blood vessel formation, an outcome that may
also be directed by forming gradients within the scaffold.
Previous gradient work has largely focused on migration of
vascular cells in response to concentration or surface-density
gradients of growth factors such as VEGF, bFGF, arginine-
glycine-aspartic acid (RGD)-peptide or fibronectin.36–39

While these studies have largely focused on surface gradi-
ents, gradients within 3D scaffolds are also being pursued. In
a recent study, collagen–hyaluronic acid (HA) scaffolds were
produced by mixing varying concentrations of HA, an in-
hibitor of angiogenesis, into collagen gels with the goal of
controlling vascular sprout rate and direction. By implanting
endothelial cell spheroids into these gels and monitoring the
number, direction, and length of capillary-like sprouts, di-
rectionality and enhanced sprouting rates away from the HA
gradient were found.40 These techniques, combined with

previously described techniques for enhancing migration,
offer powerful tools to control vascularization for tissue en-
gineering.

Future scaffold designs may be improved through the use
of an emerging tool, computer-aided tissue engineering,
which can help model and design scaffolds with controlled
internal and external architecture, particularly vascular chan-
nel elements of different sizes and shapes.41,42 Using tissue
and=or scaffold imaging (computed tomography, magnetic
resonance imaging, and optical microscopy) to generate
computer-aided designed tissue or scaffold models, tissue
engineering scaffolds can be built to match native features of
porosity, mechanical strength, and vascularization, with the
correct spatial positioning and morphology.41,42 Through
these techniques a vascularized modular 3D scaffold may be
developed with tight control over the vascular tree, vessel
dimensions, and interconnectivity.41,43 Controlled spatial
deposition of different biopolymers, growth factors, and cells
may also be achieved as multi-nozzle systems have been
developed.44 Overall, these scaffolding techniques offer fine
control over vascularization potential and offer a multitude
of options in scaffold design and engineering to create
functional tissue outcomes.

Cell-Based Techniques

Endothelial cell cocultures

To help compensate for issues with growth factor delivery,
cocultures with endothelial cells have been utilized to pro-
vide a starting point for vascularization; however, consid-
eration for quantity of cells=vessels required for a particular
tissue is critical.45,46 These techniques have been used for
in vitro vascularization of a variety of tissues, including bone
and adipose, with the endothelial cells introduced into the
tissues via 3D multicellular spheroids or simple mixing of
cultures.45,47 Endothelial cell spheroids produce capillary-
like sprouts, especially in the presence of angiogenic factors
such as VEGF and bFGF, or in coculture with fibroblasts, but
sprout diameter and length was reduced in cocultures of
endothelial cells and osteoblasts.45,46,48 In the case of fibro-
blasts, it has been shown that fibroblasts modulate endo-
thelial cell network formation, suggesting the critical need
for complex mixed spheroid cocultures to adequately mimic
in vivo angiogenesis.49 Despite the successes achieved using
these spheroid models, issues of functional anastomosis into
host vasculature remain. For bone tissue engineering, endo-
thelial cell and osteoprogenitor cell (human mesenchymal
stem cells [hMSCs]) spheroid cocultures formed a pre-
vascular network in vitro but, upon implantation in vivo,
displayed no functional perfusion.50

Beyond spheroid cultures, simple cocultures of endothelial
cells, fibroblasts, and other cell types have been used to grow
vascularized skin, skeletal muscle, and bone tissues, among
others.51–53 Through simple cocultures of different tissue-
specific cell types in a biopolymer gel such as collagen or on
porous polymer scaffolds, spontaneous formation of tubular
structures was observed with expression of typical markers
of microvasculature (Table 3).54–67 In several cases, the role of
fibroblasts was critical for the formation and the mainte-
nance of the microvasculature as they were associated with
neosynthesis of ECM as well as increasing levels of VEGF.51,52

Another cell type, neural progenitor cells, has also shown the
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Table 3. Vascular Cell Markers at Different Stages of Differentiation

Endothelial cell markers

Early=differentiation Constitutive phenotype Activated phenotype

Marker Function Marker Function Marker Function

CD34 Hematopoietic
precursor marker

PECAM-1 (CD31) Platelet=endothelial
cell adhesion
molecule-1; role
in leukocyte
recruitment,
migration

VCAM-1
(CD106)

Vascular cell
adhesion
molecule-1;
upregulated by
inflammatory
cytokines

PECAM-1
(CD31)

Surface adhesion
molecule

eNOS Endothelial nitric
oxide synthase;
production of NO,
regulation of
vascular function

ICAM-1
(CD54)

Intercellular
adhesion
molecule-1;
upregulated by
inflammatory
cytokines

VE-cadherin Surface marker;
cell-cell junctions

Factor VIII Clotting factor in
thrombotic
pathway

E-selectin
(CD62E)

Inflammation-induced
adhesion molecule

VE-cadherin Cell-cell junctions,
demonstrates
confluent
endothelium

P-selectin
(CD62P)

Cytokine-activated
adhesion molecule

vWF von Willebrand
factor, clotting
protein

SMC markers

Early=differentiation Synthetic phenotype Contractile phenotype

Marker Function Marker Function Marker Function

SM a-actin Contractile protein
of SMCs; first
marker of
differentiated
SMCs

; SM a-actin Contractile protein
of SMCs

: SM a-actin Contractile protein
of SMCs

Calponin Potential regulator
of SM contraction

;Calponin Potential regulator
of SM contraction

:Calponin Potential regulator
of SM contraction

SM-22-a Calponin-related
cytoskeletal
protein
SMC-specific
marker

: SMemb=
NMHC-B

Embryonic=nonmuscle
isoform of myosin
heavy chain

: SM-MHC Smooth muscle
myosin heavy
chain essential
component of
contractile system

Caldesmon Protein that binds
calmodulin,
actin, myosin

;Caldesmon Binds Ca2þ-calmodulin,
actin, myosin;
mediates
Ca2þ-depandent SM
contraction inhibition

:Caldesmon Binds calmodulin,
actin, myosin;
mediates
Ca2þ-dependent
SM contraction
inhibition

Tropomyosin Rod-like proteins
in tight association
with action

;Tropomyosin Binds to actin grooves;
mediates
Ca2þ-dependent
regulation of
actin–myosin
interaction

:Tropomyosin Binds to actin
grooves;
mediates
Ca2þ-dependent
regulation of
actin–myosin
interaction

Elastin Extracellular matrix
protein; source of
vessal compliance

References [49–62]
PECAM-1, platelet=endothelial cell adhesion molecule-1; VE-cadherin, vascular endothelial cadherin; eNOS, endothelial nitric oxide

synthase; vWF, von Willebrand factor; VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular adhesion molecule-1; SM, smooth
muscle; NMHC-B, non-muscle myosin heavy chain-B; MHC, myosin heavy chain.
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ability to enhance tubular formation both in vitro and
in forming a functional microcirculation in vivo.68 Together,
these results underlie the complexity of cell–cell signaling,
cytokine release, and growth factor delivery in forming a
functional microvasculature. Combining layers of endothe-
lial cells and layers of other cells, such as fibroblasts, within
native hydrogels has been pursued. By spacing a layer of
dermal fibroblasts at a distance 1.8–4.5 mm from human
umbilical vein endothelial cell–coated beads within a fibrin
gel fed with media containing VEGF and bFGF, endothelial
cells produced capillaries based on the distance of the en-
dothelial cells from the fibroblasts.69 This approach could
help dictate the formation of a vascular network in an en-
gineered tissue in vitro, although without control over
number and spacing of vessels or means of functional
anastomosis to blood vessels in vivo (Table 4).

Growth factor-producing cells

An additional cell-based approach that has become a focus
of vascular research is the transfection of cells to overexpress
angiogenic factors. These cells can be seeded within bioma-
terial scaffolds and release cytokines that modulate vascular
cell migration, proliferation, and maturation into tubular
vessels in a more controlled, biomimetic manner than simple
scaffold loading (Table 4). In a study aimed at producing
tissue engineered bone, combinations of scaffolds were coated
with or without VEGF-plasmid DNA and loaded with hMSCs
transfected with or without the VEGF plasmid.70 Compared
to controls, VEGF plasmid–coated scaffolds and VEGF-trans-
fected cells demonstrated significantly enhanced vasculariza-
tion, osteogenesis, and scaffold resorption compared to
control groups, with the VEGF-transfected cells producing the
highest rate of vascularization.70 Similarly, rat MSCs trans-
fected with VEGF before injecting the transfected cells into the
infarct zones of an ischemic rat heart model was studied to
stimulate revascularization.71 Compared to control injections
of nontransfected cells, plasmid alone, and media, the hearts
injected with the VEGF-transfected cells displayed the greatest
reduction in infarct size, best heart function, and the greatest
capillary density.71 In addition to these transfection-based
approaches, recent results using MSCs derived from human
peripheral blood indicate that these cells secrete VEGF and
induce vascularization in a mouse skin defect model.72 As
opposed to growth factor scaffold-loading–based techniques,
these cell-based approaches demonstrate significant potential
for sustained growth factor release over time and better
overall vascularization.

Bioreactor Designs

Rotating bioreactors

In generating tissues in vitro, bioreactor systems are often
used to perfuse culture medium through a porous scaffold to
try to maintain cell viability in the middle and homogeneity
throughout the construct.73 While these efforts generally
improve outcomes, these improvements do not solve prob-
lems of heterogeneity in tissue outcomes due to fluid flow
along paths of least resistance. More significantly, these ap-
proaches do not address the transition and integration of the
tissue grown in vitro to an in vivo setting. Specifically, these
tissue constructs do not develop a functional vasculature that
offers points of anastomosis to host vessels in vivo (Table 5).

Work using rotating bioreactors has been primarily con-
fined to endothelial cell culture on microcarrier beads using a
horizontal rotating bioreactor originally developed by
NASA.74,75 The horizontally rotating bioreactors, or slow-
turning lateral vessels, were designed as a rotating cylinder
of culture medium, with a gas-permeable membrane for
oxygen and carbon dioxide exchange, and fittings for sam-
pling or medium exchange.75,76 The speed of the rotation
could be controlled to match the settling velocity of the tissue
constructs, keeping them suspended within the vessel. This
approach has been used for engineering of bone, cartilage,
and cardiac tissue.76–79 In terms of vascularized tissue engi-
neering, early events (growth and differentiation) of ocular
angiogenesis have been studied in these bioreactors, using
human retinal cells and bovine endothelial cells in coculture
on microcarrier beads and grown in the horizontally rotating
bioreactors for up to 5 weeks. In coculture, the endothelial
cells formed cords and capillary-like structures as well as the
beginning of sprouts, indicators of a developing vascula-
ture.75

Perfusion bioreactors

In addition to rotating vessels, a wide variety of perfusion
bioreactors have been developed to address issues of oxygen
and nutrient transport throughout tissue engineered scaf-
folds. These devices have been used in the culture of several
tissue types, including bone, adipose, and cardiac, among
others.73,80–82 While these studies support a variety of de-
signs and tissue types, they still lack a vascular component
(Table 5). Vascular perfusion bioreactors typically focus on
producing a tissue-engineered blood vessel, not on vascu-
larizing another tissue type. Using pulsatile conditions typ-
ically found in vivo, functional arteries may be grown in vitro

Table 4. Cell-Based Techniques for Vascular Tissue Engineering

Endothelial cell cocultures Growth factor–producing cells

Mechanism of vascularization Use of endothelial cells to
form capillary-like structures

Transfected cells used to modulate
angiogenic growth factor delivery

Tissues and cell types cocultured Skin, bone, adipose, and muscle
tissue; fibroblasts, neural
progenitor cells

Bone, myocardial, and dermal tissue

Quantitative measurement of
nutrient and oxygen diffusion

Luciferase or other fluorescence-based
imaging, fiber optic oxygen sensors

None reported

Points of functional anastomosis None, requires ingrowth of host vessels None, only vascular cell recruitment
References 45–53, 68, 69 70–72
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using different polymers (synthetic [polyglycolic acid, poly-
ester] or natural [collagen, fibrin, silk]) and different cell-
seeding techniques (static or perfusion; SMCs, endothelial
cells, or both).83–87 Only recently have vessels been used as a
means of perfusing a larger tissue, such as the abdominal
aorta of a rat as a core perfusion element within an artificial
myocardial matrix of collagen and neonatal rat cardiomyo-
cytes.88 The perfused tissues displayed enhanced cell via-
bility and increased metabolic activity when compared to
nonperfused controls.88 This approach has additional prom-
ise in that it provides points for functional anastomosis at
each end of the vessel, offering translation from in vitro
culture to an in vivo setting.

MEMS-Related Approaches

Microfluidic design from synthetic polymers

Microfabrication techniques have gained popularity as
they offer fine control over the formation of a microvascular
network. Through the fabrication of a negative mold, a
complex capillary pattern may be formed and serve as a
template for molding materials.89 These capillary networks
may be perfused and endothelialized, providing a mimic of
natural vasculature as well as oxygen and nutrient delivery
and waste removal (Table 6). Standard techniques use plas-
ma etching or lithographic techniques to produce desired
features with micron-scale precision, with replica molds of
PDMS cast from the negative feature molds. These molds
may then be bonded with one another before seeding with
endothelial cells to form cylindrical capillary channels.89

Direct-write assembly has been used to form 3D microfluidic

devices for vascular tissue engineering.90 Recently, more
biomimetic techniques have emerged to develop vascular
networks that are representative of in vivo conditions.
Computational modeling has been used to understand flow
behavior for microfluidic systems based on physiological
data.91 Direct-write laser technology has been utilized to
form multiple-depth channel systems with diameter changes
between parent and daughter vessels that mimic physio-
logical systems.92 In addition, techniques to deliver and
measure oxygen content within a microvascular network
could have broader implications in tissue engineering as a
quantitative means of assessing vascular spacing.93

Despite all of these advances, because these systems are
typically formed from nondegradable materials such as
PDMS, they offer limited use in vivo due to issues of bio-
fouling, nondegradability, and limited integration to sur-
rounding tissues. Further, limited integration with host
vasculature is an issue, with surgical removal required at
prescribed time frames, compounding the challenge of repair
and function. As a result, more recent approaches have fo-
cused on degradable microfluidic systems to address these
issues.

Biodegradable microfluidics

To address issues of biocompatibility that are typically
observed with synthetic, nondegradable materials such as
PDMS or silicone, biocompatible and biodegradable ma-
terials for microfluidic applications are being pursued.94

Elastomers such as poly(glycerol sebacate) (PGS) that are
biocompatible and biodegradable have been explored for

Table 5. Bioreactor Designs for Vascular Tissue Engineering

Rotating bioreactors Perfusion bioreactors

Mechanism of vascularization More efficient distribution of culture
medium throughout construct

Mimic flow of vessels in vivo
to improve vascular cell
viability and function

Tissues and cell types cocultured Bone, cartilage, and cardiac tissue;
retinal and mesenchymal stem cells

Bone and cardiac tissue, small
arteries; mesenchymal stem
cells, SMCs, cardiomyocytes

Quantitative measurement of
nutrient and oxygen diffusion

Limited?dye-protein permeability,
bulk media metabolism analysis

Limited?dye tracers of
perfusion, media metabolism
analysis, modeling

Points of functional anastomosis None, requires ingrowth of host vessels Yes, for arteries grown in vitro
References 74–79 73, 80–88

Table 6. Microelectromechanical Systems–Related Approaches to Vascular Tissue Engineering

Synthetic polymer microfluidics Biodegradable microfluidics

Mechanism of vascularization Micromolding to replicate vascular tree,
seed with endothelial cells

Micromolding capillary network
using biodegradable substrates
(vascular tree)

Tissues and cell types cocultured Hepatic tissue Endothelial cells, hepatocytes,
chondrocytes

Quantitative measurement of
nutrient and oxygen diffusion

Dye mixing=diffusion, flow=pressure
experiments, oxygen sensitive dyes,
computational modeling

Fluorescent dye perfusion=diffusion,
diffusion and transport rate modeling

Points of functional anastomosis None, poor in vivo integration None reported, but could be designed
References 89–93 94–96, 98–100

360 LOVETT ET AL.



vascular tissue engineering.94,95 Devices are produced using
similar techniques as synthetic microfluidics, with PGS lay-
ers formed by casting onto negative molds, released using a
sacrificial layer, and bonded together by physically adhering
and curing the films under vacuum. By subsequently stack-
ing single-layer microfluidic networks, with consideration
for oxygen limitations, 3D scaffolds with complex vascular
microchannels can be produced for different tissue types.95

Similar techniques have been applied to forming microvas-
cular networks from a natural protein biopolymer, silk fi-
broin.96 Silk is a biocompatible and biodegradable protein
derived from cocoons of the Bombyx mori silkworm and can
be processed under aqueous conditions, be chemically
functionalized, and promote cellular adhesion. Silk is also a
mechanically robust material with slow, controllable degra-
dation, making it a useful material for microfabrication for
tissue-based applications.96,97 By casting silk onto negative
molds, treating with methanol to form micromolded water-
stable films, and binding to a flat layer using aqueous silk
solution, microfluidic devices composed entirely of silk pro-
tein are produced. These devices have demonstrated im-
proved mechanical properties compared to PGS films and
also support hepatocyte culture, making these a promising
option for degradable microfluidics.96

In addition to stacking different layers of biodegradable
materials, other approaches to building 3D vascularized
constructs have focused on creating microfluidic networks
within cell-seeded hydrogels, including alginate, collagen,
and fibrin. Using calcium alginate as a scaffold, a litho-
graphic process was used to form microfluidic hydrogel
networks seeded with chondrocytes.98 Channels of 100mm in
diameter were formed within the gel, and the diffusion of
fluorescent molecules, cell viability within the gel, and mi-
crochannel spacing were characterized to maintain a uniform
metabolic environment throughout the bulk of the scaffold.
In addition, two independent networks were incorpo-
rated into the hydrogel, maintaining steady-state gradients
throughout the gel for both reactive and nonreactive solutes.
These characterizations with respect to fluorescein, rhoda-
mine, and calcein-acetoxymethylester (AM) were all done
quantitatively, calculating values for the diffusion coeffi-
cients of the fluorescent molecules, rates of cell metabolism,
and the Krogh length for characteristic variations in con-
centrations, among others.98 Similar lithographic techniques
have been used to micropattern collagen gels, using a sacri-
ficial digestion of patterned Matrigel embedded within the
gel to produce micron-sized cavities.99 Using a slightly dif-
ferent approach, gelatin meshes were used to form a capil-

lary network, micromolding the meshes in microfluidic
networks before embedding within a collagen or fibrin hy-
drogel, melting and flushing the hydrogel, and perfusing
with macromolecules and particles of interest.100 Channels
50mm in width were produced and could be seeded with
endothelial cells to form an endothelialized network within a
fibroblast-seeded hydrogel, a rudimentary vascularized tis-
sue. As with the alginate work, transport within these cap-
illary networks was quantitatively characterized in terms of
diffusion rates under different flow conditions using fluo-
rescent molecules.100 By coupling quantitative modeling and
comparative analysis between expected and experimental
results, it is possible to generate microfluidic networks for
specific tissue types (Table 6). This approach serves as a
critical point in the future of tissue vascularization.

Modular Assembly

Endothelial cell–coated modules

An emerging technique for producing prevascularized
tissues involves the modular assembly of endothelialized
microtissues to form a macrotissue. These microtissues may
be generated through gravity-enforced self-assembly of pri-
mary cells or via seeding of collagen gels with a desired cell
type.101–103 The microtissue modules are then coated with
endothelial cells before combining in a mold or large tube to
form a macrotissue. These packed-bed macrotissues can be
perfused with medium or whole blood, or be connected to
host vasculature through the use of a chicken chorioallantoic
membrane assay.101–103 This technique has been used to
generate tissues using hepatocytes, chondrocytes, and SMCs.
The critical endothelial cell component on the module sur-
face is what allows for functional perfusion by acting as an
antithrombogenic surface, delaying clotting times, and in-
hibiting loss of platelets.102,104 However, while these modu-
lar tissues demonstrate the ability to be perfused as well as
integrate with host vasculature over time, they do not rep-
licate the tree-like vasculature exhibited in vivo and do not
facilitate tissue integration in vivo by providing components
that enable immediate anastomosis to host vasculature
(Table 7).

Vessel-embedded hydrogels

Another developing modular approach is the perfusion of
single- or multi-channel hydrogels. These systems are prom-
ising given that they can address two of the underlying is-
sues with vascularization, measurement of oxygen=nutrient

Table 7. Modular Assembly Approaches to Vascular Tissue Engineering

Endothelial cell–coated modules Vessel-embedded hydrogels

Mechanism of vascularization Perfusion of packed bed of endothelial
cell–coated microtissues

Perfusion of single- or multi-channel
hydrogels

Tissues and cell types cocultured Hepatocytes, chondrocytes, SMCs Perivascular cells, SMCs, mesenchymal
stem cells

Quantitative measurement of
nutrient and oxygen diffusion

Limited?modeling flow profiles
and porosity

Fluorescent dye perfusion=diffusion,
diffusion and transport rate modeling

Points of functional anastomosis None, requires ingrowth of host vessels Yes, for one inlet=outlet designs
References 101–104 105–107
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diffusion, and connection with host vasculature (Table 7).
Work on perfused vascular tubes embedded within collagen
gels has produced vessels that display characteristics of na-
tive venules and capillaries, including barrier function, re-
sistance to leukocyte adhesion, and inflammatory stimulus
response.105 These microvessels were produced by embed-
ding a 120-mm-diameter needle within a collagen gel, remov-
ing it, and seeding with endothelial cells. Upon maturation
of the vessel, barrier function and leukocyte adhesion was
assessed under perfusion, including quantitative evaluation
of tube permeability in the absence or presence of histamine
or thrombin, two inflammatory agonists, using fluorescently
labeled bovine serum albumin or dextran.105 These studies
provide fundamental insight into vascular development and
perfusion, serving as potential building blocks for more
complex studies, including the perfusion of multiple micro-
vessels. By seeding SMCs onto strands of nylon line within a
perfusion chamber, a parallel array of microvessels was
formed that could be connected to a perfusion system.106 The
SMCs on the lines proliferated over a 21-day culture, at
which time the perfusion chamber was filled with agar, the
nylon was removed, and the microvessels were perfused.
The ability of multiple microvessels to be perfused using one
inlet and outlet suggests that functional anastomosis may be
achieved in vivo with slight modification of the system.
Combinations of these approaches involving perfusion bio-
reactors and multiple microvessels may represent the most
straightforward and productive approach to in vitro tissue
vascularization.

Recent efforts have focused on bridging the gap between
quantitative modeling of diffusion for proper vessel spacing
and functional anastomosis for in vivo applications using silk
microtube–hydrogel composite systems for vascular appli-
cations.107 Using hMSCs and human umbilical vein endo-
thelial cells as the primary cell types, cell viability and
differentiation as a function of distance from a single silk
microtube in a perfused or statically cultured system can be
studied. These results, in combination with oxygen and nu-
trient diffusion modeling and measurement, would dictate
the critical spacing of microtube vessels and the overall di-
mensions of minimally sized modular elements. These tis-
sues would be built from these minimal functional units,
connected with one another to form one inlet and one outlet
of perfusion and serve as sites of integration into host vas-
culature. This approach could address the major limiting
factors in the field of prevascularization, providing a
framework for building larger, more complex tissues.

In Vivo Systems

Polysurgery techniques

Beyond efforts to build vascularized tissues in vitro, re-
searchers have used cell sheet engineering and polysurgery
techniques to produce tissues up to 1 mm in thickness (Table
8). Cell sheet engineering techniques have been used in
corneal surface reconstruction, blood vessel grafts, and
myocardial tissue engineering, among others.58,108,109 To
form vascularized myocardium, confluent sheets of neonatal
rat cardiomyocytes were grown and stacked to form tissues
up to *80mm in thickness, the limit for this particular cell
and tissue type.110 To overcome this limitation, the layered
cell sheets were transplanted into rats and allowed to vas-
cularize over a period of 1–3 days. Upon complete vascu-
larization of the transplant, another cell sheet was added and
vascularized, continuing in this layer-by-layer transplanta-
tion approach until a *1-mm-thick myocardium was
achieved. Further, by directly transplanting the cell sheets
over an existing host artery and vein, points of anastomosis
were incorporated into the growing tissue to serve as points
of connection when transplanting the engineered tissue from
one host to another.110 As with the in vitro systems with one
inlet and outlet aimed at translating to in vivo implantation,
this system provides the critical vascular blood flow to
supply the cells with the oxygen, nutrients, and waste re-
moval that impart immediate functionality to the tissue upon
connection of the prevascular structure to the host blood
vessels.

AV loops

Another in vivo system that utilizes host blood vessels to
develop prevascular structures is the culture of scaffolds
within AV loop chambers. In this intrinsic vascularization
model, a vein or synthetic graft is used to form a shunt loop
between an artery and a vein and is enclosed within a
chamber that is either empty or housing an ECM scaffold to
be vascularized.111–113 Using an empty AV loop in a rat
model, constructs formed extensive arteriole–capillary–
venule networks within a fibrin matrix exuded from the AV
loop, with initial development occurring between 7 and 10
days and maturing over time. This maturation occurred with
a concurrent decrease in hypoxia staining, which was prev-
alent during the 7–10 days, but decreased over time and was
absent from the 28 day time point onward.111 Similar mod-
els have been used to incorporate ECM scaffolds such as

Table 8. In Vivo Approaches to Vascular Tissue Engineering

Polysurgery techniques Arteriovenous loops

Mechanism of vascularization Cell sheet engineering with
intervals of surgery to continue
vascularization in vivo

Angiogenesis from arteriovenous
shunt within chamber in vivo

Tissues and cell types cocultured Cardiac, cornea, trachea, epithelial Cardiac, bone, skeletal muscle, skin
Quantitative measurement of

nutrient and oxygen diffusion
None reported Hypoxia staining, angiography in

large models
Points of functional anastomosis Yes, for cell sheets vascularized

directly over an existing host
artery and=or vein

Yes, vein or synthetic graft forms the
shunt loop

References 108–110 111–119
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collagen–glycosaminoglycan within the AV loop chamber by
embedding the AV loop within two scaffolds and suturing to
secure the loop. As in the empty chamber model, extensive
new tissue growth and vascularization was observed,
though alterations in the scaffold pore size and biochemical
loading may further improve, direct, and control neoangio-
genesis within the AV loop.114 Additional complexity may
also be incorporated into the AV loop by adding cells to the
scaffold before implantation. By mixing neonatal rat cardio-
myocytes in Matrigel before incorporating the matrix within
the AV loop culture chamber, spontaneously contracting
constructs were developed that demonstrate organized as-
sembly, are highly vascularized, and approach thicknesses of
approximately 2 mm.115 In general, this approach represents
a significant step forward in vascularization of tissues and
has been applied in a variety of tissue types including car-
diac, bone, and skeletal muscle tissue (Table 8).116,117 Further,
work beyond the small animal model of the rat and into
larger animal models such as sheep, afford the ability to
monitor vascularization in real-time using angiography
techniques and complex 3D reconstructions demonstrating
the power of this model system.118 Despite these successes,
however, the rapid vascularization necessary for adequate
cellular oxygen supply upon implantation is still lacking, but
could be improved through prevascularization in vitro before
implantation or biochemically modifying scaffolds to stim-
ulate angiogenesis and cell proliferation in situ.119 These
methods, combined with improved imaging techniques for
monitoring angiogenesis and oxygen tensions in vivo, could
ultimately provide the time course for clinically relevant
vascularization of engineered tissues.

Oxygen Modeling, Measurement, and Integration
in Vascularized Tissues

Modeling of oxygen transport

Beyond the techniques for vascularization, there is a clear
need for detailed modeling of oxygen distribution in an en-
gineered tissue construct. In vivo, oxygen and nutrients are
supplied over physiological distances by the vasculature,
with local transport dictated by intracapillary resistance,
vascular permeability, interstitial flow, and cell metabo-
lism.120,121 Capillary hematocrit, diffusion through the en-

dothelium, physicochemical properties of the diffusing mole-
cules, composition of the ECM, and rates of consumption all
have critical effects on oxygen and nutrient transport. Thus,
accurate modeling of engineered tissues in vitro should
consider these issues as well.122,123

In considering oxygen transport, the most basic modeling
components to be described are fluid flow, oxygen diffusion,
and oxygen consumption. Within a cultivated tissue, the
inflow of oxygen may be supplied by diffusion or a vascular
element as described above (e.g., silk tube and channeled
scaffold). Previous efforts to model oxygen gradients in
vascular systems have largely focused on one-dimensional
(1D), steady-state transport.

For tissues cultivated under static (non-agitated batch
culture) conditions, the supply of oxygen is dictated by its
effective diffusivity (Fig. 2A). These tissues are typically
modeled using Fick’s law:

Jt¼ �Dt

qCt
O2

qx
(1)

where Jt is the diffusive flux in the tissue [mol=(m2�s)], Dt is
the diffusion coefficient of oxygen in the tissue [m2=s], Ct

O2
is

the tissue oxygen concentration [mol=m3], and x is the dis-
tance [m] into the tissue from the vascular element (or other
source of oxygen).124,125 To determine the oxygen distribu-
tion within a cell-seeded construct, a consumption term
needs to be specified to account for the rate of oxygen con-
sumption of the growing cells. This consumption term is
typically expressed assuming Michaelis-Menten kinetics:

q¼
qmaxCt

O2

KmþCt
O2

(2)

where q is the rate of oxygen consumption per cell
[mol=(cell�s)], qmax is the maximum rate of oxygen con-
sumption per cell [mol=(cell�s)], and Km is the Michaelis-
Menten constant [mM]. If the value of Km (0.01–6.9 mM for
multiple cell types)125–127 is much smaller than the average
oxygen concentrations in the vasculature (130 and 54mM in
arterial and venous blood, respectively),127 the reaction rate
can be assumed to be zero order:128

q¼ qmax (3)

cells

x

scaffold

r
z

A B media 
flow

O2 diffusion

O2 diffusion

FIG. 2. Basic geometries for modeling oxygen diffusion and consumption. (A) Static cell-seeded scaffold or hydrogel with
uni-axial diffusion of oxygen. Oxygen diffusion is characterized by Fick’s Law with oxygen gradients within the scaffold at
steady state controlled by the concentration of cells and their corresponding metabolic rate, described by Michaelis-Menten
kinetics. (B) Perfused cell-seeded scaffold or hydrogel with diffusion of oxygen from multiple boundaries. Oxygen diffusion
and consumption may be described using Fick’s Law and Michaelis-Menten kinetics, respectively, with the flow of media
described by the Navier-Stokes equations. These more complex geometries require careful consideration of boundary con-
ditions, diffusion coefficients, and metabolic rates to accurately model oxygen gradients within the engineered tissue. Color
images available online at www.liebertonline.com=ten.
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The volumetric rate of oxygen consumption (Q)
[mol=(m3�s)] is obtained by multiplying q by the concentra-
tion of cells (Ccell) [cells=m3]:

Q¼Ccell � q (4)

The steady-state distribution of O2 throughout the con-
struct is then determined by solving the oxygen conservation
equation:

Dt

q2Ct
O2

qx2
�Q¼ 0 (5)

with appropriate boundary conditions. In general, a homo-
geneous distribution of cells is assumed. If the oxygen con-
sumption rate is also taken to be constant (Equation 3), an
analytical solution can be derived. These basic equations can
be applied to a variety of engineered tissues, including sev-
eral different scaffold geometries (films, hydrogels, porous
sponges, and composites) provided that the oxygen gradient
is 1D and oxygen consumption is isotropic.

In tissues supplied by a flow of medium, oxygen con-
vection and diffusion in the perfusing fluid must be taken
into consideration (Fig. 2B). In the case of a capillary per-
fusing an engineered tissue, the Navier-Stokes equations
may be used to describe the flow of an incompressible fluid.128

If the flow is taken to be steady, laminar, 1D, and fully de-
veloped, the equation for capillary flow in the z-direction
simplifies to

qP

qz
¼ l

1

r

q
qr

r
qvz

qr
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(6)

where z is the axial direction, r is the radial direction, P is the
pressure [Pa], m is the viscosity [Pa�s], and vz is the axial
velocity [m=s]. The conservation equation for oxygen in the
perfusing capillary can be written as:

vz(r)
qCc

O2

qz
¼Dc

1

r

q
qr

r
qCc

O2

qr

� �
þ

q2Cc
O2

qz2

" #
(7)

where Cc
O2

and Dc are, respectively, the concentration and
diffusion coefficient of oxygen in the capillary. Following
specification of the boundary conditions, the flow velocity is
computed first, and the oxygen concentration profiles in the
perfusing capillary and the surrounding tissue are subse-
quently determined. Such a two-dimensional, steady-state
analysis of a construct usually requires numerical com-
putations, and models may be developed and solved using
multi-physics modeling software such as FemLab (Comsol,
Burlington, MA).

While these equations include the basic terms needed to
model oxygen transport in tissue engineering, they are cer-
tainly not comprehensive. Within composite scaffolds, re-
gions may need to be distinguished using different material
properties or modeling equations, such as Darcy’s Law for
flow through a porous medium. Modeling of transient phe-
nomena may also be performed to determine changes in
oxygen gradients over time, necessitating that time deriva-
tives be added to the equations described above. Other
specific cases may require modeling the kinetics of oxygen
dissociation from carriers, intracapillary resistance, vascular
permeability, and pressure gradients.121,129 Nevertheless, the
general equations and methods described above provide a

basic framework for modeling oxygen distribution within 3D
tissue constructs.

Methods of oxygen measurement

To accurately model oxygen transport, several techniques
have been applied to measure the spatial distribution of
oxygen within tissues. Gross measurements of oxygen in the
bulk media within a bioreactor, or sampling at the inlet and
outlet, have been performed using a blood–gas analyz-
er.76,130 While this method provides information on the pH,
oxygen, and carbon dioxide levels, at an accuracy of 2% for
oxygen partial pressures, it does not provide information
on oxygen tension within the construct. To partially address
this issue, oxygen-sensitive dyes have been developed and
incorporated into oxygen-sensing foils or microplates, either
directly within a tissue matrix or as part of an oxygen mi-
crosensor probe. By incorporating an oxygen-sensitive dye
into the foil or plate, phosphorescent intensity readings may
be recorded and converted into oxygen tensions, ultimately
yielding estimates of cellular oxygen consumption rates.131

Tissue samples or engineered constructs may be grown on
these plates, and changes in the oxygen concentration in the
tissue can be measured over weeks of culture.132 These sys-
tems, however, only measure oxygen concentration within
one region of a construct and do not provide sufficient spa-
tial sensitivity to measure differences in oxygen tensions as a
function of depth without physical cross-sectioning of the
samples before measurement.

To address this issue, oxygen microelectrodes have been
developed to offer fine spatial resolution of oxygen mea-
surements directly within a scaffold or tissue. These systems
use gold-plated platinum wires, or glass optical fibers with a
fluorescent probe at the end, to measure oxygen tension.133

For a platinum wire electrode, the probe is introduced into a
substrate, the oxygen reacts with the cathode, and the re-
sultant differences in the current flow are related back to
oxygen tension based on two-point calibration using, for
example, an air-saturated medium and an anoxic solu-
tion.34,133,134 In the case of a fluorescence-based probe, a
pulsed blue light-emitting diode light is used to excite the
sensor probe at the tip of the optical fiber. In the presence of
oxygen, some of the excess energy is transferred to the ox-
ygen molecule, quenching the fluorescence signal, with the
decrease in fluorescence directly proportional to the oxygen
tension in the sample.135 The microelectrodes have diameters
as small as 5 mm and, when used with a micromanipulator,
offer spatial resolution on the order of 10 mm.134 These
measurements may be performed in media, collagen hy-
drogels, polymer scaffolds, or tissue explants, under either
static or flow conditions.34,125,134,136 Thus, these systems offer
a wide variety of applications within tissue engineering, of-
fering high levels of sensitivity and specificity. Despite this
versatility, these probes are not suitable for all applications,
particularly those involving more robust scaffolds where
probes are subject to breaking due to their small size. In
addition, the invasive nature of inserting a probe into a
scaffold to measure oxygen tension may compromise scaffold
integrity and sterility, necessitating a noninvasive method
for measuring oxygen concentrations.

To measure oxygen tensions noninvasively, porphyrin-
based oxygen-sensitive dyes used to prepare oxygen-
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sensitive foils have been prepared within aqueous media,
injected in blood in vivo, or mixed directly within a tissue
matrix.137–139 In each case, oxygen quenches the phospho-
rescence of albumin-bound porphyrins in a concentration-
dependent manner, and the decay of the phosphorescent
signal can be related back to oxygen tension (PO2) using the
Stern-Volmer equation131,140:

so=s¼ 1þ kqso(PO2
) (8)

where t is the time constant of decay, to is the time constant
of decay in absence of oxygen, and kq is a quenching con-
stant; both constants to and kq are obtained by system cali-
bration.141 Using this method, oxygen measurements can be
achieved noninvasively. This method has previously been
applied to characterize the in vivo oxygen tension within the
vasculature or interstitial space of healthy and diseased
mice.140,142,143 In terms of in vitro work, these phosphorescent
dyes have been incorporated within collagen and alginate
gels, seeded with chondrocytes, and cultured over a 24-h
period, with oxygen distributions characterized both spa-
tially and temporally.139 Porphyrin-based dyes have also
been applied within microfluidic devices with tree-like vas-
culature to determine mass transfer characteristics.93 Future
work should focus on bridging the gap between in vitro and
in vivo measurements, with longer-term cultures in vitro and
full characterization of the oxygen transport properties to
ensure the maintenance of viable tissue in vivo.

Integration of oxygen delivery and modeling
in vascularized tissues

In each of the preceding strategies for vascularizing en-
gineered tissues, the role of oxygen delivery is critical for the
survival of the cultured cells. However, this may be achieved
not with vascularization, but with simple perfusion. In fact,
in using some of the previously examined techniques, per-
fusion without any vascular cells was sufficient to supply
oxygen throughout a scaffold. This applies in particular to
channeled scaffolds and some of the microfluidic systems,
demonstrating that perfusion can take place in a scaffold
with no vessels as long as the scaffolds are highly porous
and=or have low cell densities. This minimizes the distance
of oxygen diffusion into the tissue as well as the volumetric
rate of oxygen consumption, providing adequate oxygen
supply for all cells within the scaffold. For scaffolds with low
porosity or high cell density, however, these parameters are
vastly increased, limiting the diffusion of oxygen to portions
of the scaffold. By incorporating vascular cells into the en-
gineered tissue, functional vessels may be formed, reducing
capillary spacing and increasing the rate of oxygen supply
throughout the construct. In addition, the development of
these vessels provides connection points between the pre-
vascularized tissue and host blood vessels, a critical point for
translating a quantitatively designed perfused construct
in vitro to a fully vascularized tissue in vivo.

Conclusions and Future Directions

The ability to vascularize tissues in vitro is currently a main
focus within the field of tissue engineering. As perfusion and
oxygen transport have direct effects on cell viability and dif-
ferentiation, researchers are currently limited to tissues only a

few millimeters in thickness. These limitations are imposed by
mass transfer and are defined by the balance between the
metabolic demand of the cellular components in the system
and the size of the scaffold. As a result, reducing the distance
for oxygen diffusion can only be addressed through perfusion
and=or the development of a functional vasculature. Current
approaches include growth factor delivery, channeled scaf-
folds, perfusion bioreactors, microfluidics, cell cocultures, cell
functionalization, modular assembly, and in vivo systems. As
discussed above, while these approaches may improve cell
viability or generate capillary-like structures within a tissue
construct, there is still a fundamental disconnect between
defining the metabolic needs of a tissue through quantitative
measurements of oxygen and nutrient diffusion and the po-
tential ease of integration into host vasculature for future
in vivo implantation. Thus, a combinatorial strategy to address
the challenges of mass transport is needed to optimize in vitro
approaches related to in vivo success in terms of oxygen and
nutrient supply as well as connection with host blood vessels.
The need to combine engineering design of scaffolds for im-
plantation and modeling of mass transfer with relevant ex-
perimental data to build this foundation remains pervasive in
the field, though quantitative techniques using biodegradable
microfluidics and modular approaches are beginning to be
more common.

Based on the above challenges and needs, we suggest that
future work continue the development of the modularized
approach to tissue engineering, where scaffold and tissue
size, transport issues, and surgical implantation in vivo are
considered from the outset. Using a quantitative approach to
transport and design, minimally sized units could be derived
from oxygen transport data and modeling, providing a basis
for required capillary spacing on a tissue-specific basis. In
addition, by targeting minimally sized units with the ability
to be coupled with one another to generate larger systems,
the ability for anastomosis with host vasculature in vivo
would be maintained. Cues from previous work with growth
factor delivery, directed scaffold assembly, and microfluidic
coupling should also be considered and incorporated in
these systems, but all with the ultimate design goals of
quantitative assessment and functional anastomosis in mind.
Importantly, this approach represents a generic strategy that
can be employed by any laboratory, where specific variables
(cell density, metabolic rate, etc.) can be imported into the
design to determine minimally sized units for any cell type,
biomaterial matrix, or target tissue.
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