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ABSTRACT
Although tissue engineering promises to replace or restore lost function to nearly every tissue in the
body, successful applications are currently limited to tissue less than 2 mm in thickness. In vivo capillary networks deliver oxygen and nutrients to thicker (2 mm) tissues, suggesting that introduction of a preformed in vitro vascular network may be a useful strategy for engineered tissues. This
article describes a system for generating capillary-like networks within a thick fibrin matrix. Human umbilical vein endothelial cells, growing on the surface of microcarrier beads, were embedded
in fibrin gels a known distance (  1.8–4.5 mm) from a monolayer of human dermal fibroblasts.
The distance of the growth medium, which contained vascular endothelial growth factor and basic
fibroblast growth factor, from the beads, C, was varied from 2.7 to 7.2 mm. Capillaries with visible lumens sprouted in 2–3 days, reaching lengths that exceeded 500 m within 6–8 days. On day
7, capillary network formation was largely independent of C; however, a strong inverse correlation
with  was observed, with the maximum network formation at   1.8 mm. Surprisingly, the thickness of the gel was not a limiting factor for oxygen diffusion as these tissue constructs retained a
relatively high oxygen tension of 125 mmHg. We conclude that diffusion of oxygen in vitro is not
limiting, allowing the development of tissue constructs on the order of centimeters in thickness. In
addition, diffusion of fibroblast-derived soluble mediators is necessary for stable capillary formation, but is significantly impeded relative to that of nutrients present in the medium.

INTRODUCTION

C

ONTINUED ADVANCES in tissue engineering will lead
to new therapies that restore, maintain, or enhance
function in damaged tissues. However, the most successful applications have been in thin (2 mm) tissues,
in which delivery of essential nutrients occurs by diffusion. Avascular examples include the epidermis of skin
and cartilage found in the nasal septae.1–3 Tissue engineering of more complex tissues such as cardiac muscle4–6 and liver has been attempted but has also been lim-

ited to thin sections. Treatment of more homogeneous tissues such as adipose tissue7 and smooth muscle8 has met
with some success but has also been limited to dimensions less than 2 mm. Larger (1 cm), more complex
(structurally and functionally) tissues such as those found
in the body cannot be supported by simple diffusion and
will require vascular networks to support cellular function. Currently, developing strategies to construct viable
tissue-engineered constructs beyond the diffusion limit is
perhaps the greatest challenge facing the field of tissue
engineering.9
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Clinically, the demand for engineered soft tissues with
controlled dimensions is enormous. More than 1 million
reconstruction and cosmetic surgeries are performed in
the United States annually.10 The majority of these procedures use autologous donor sites as a source of soft tissue for a space-filling application. The donor site creates
a secondary wound that increases surgery and recovery
times, and increases the risk of infection and potential
loss of function. In addition, tissue from donor sites is
often avascular and not sterile. Typical procedures that
result in soft tissue loss include tumor removal, full and
partial mastectomy, and laceration repair. An artificial
soft tissue with a preformed vasculature would potentially eliminate the need for autologous tissue transplant.
Currently, there are three approaches for engineering
vascularized tissues: (1) stimulating rapid vessel growth
in avascular implants with angiogenic factors,11–17 (2)
seeding biodegradable polymer scaffolds, which provide
bulk, with endothelial cells and angiogenic factors,18,19
and (3) prevascularizing the artificial tissue before implantation.20–22 All of these methods have shown some
promising results, but only the latter approach precludes
the need for new vessel ingrowth from the host, which
limits the survival time of cells in the center of the graft.
Schechner et al.22 demonstrated that human endothelial cords grown in vitro in a collagen matrix (24 h old
and 2 mm thick) will incorporate with a host (immunecompromised mouse) on implantation. However, thicker
tissues will require fully preformed capillaries with lumens, which do not occur in a collagen matrix. The objective of the present study was 3-fold: (1) develop an in
vitro system composed of fully formed stable capillaries
within a biocompatible matrix (fibrin), (2) demonstrate
that diffusion of oxygen in vitro is not limiting, and (3)
determine the in vitro diffusion limits for fibroblast- and
medium-derived nutrients for maximal capillary network
formation.

MATERIALS AND METHODS
Cell culture
Human dermal fibroblasts (DF, CL#110, American
Type Culture Collection [ATCC], Manassas, VA) were
cultured in fibroblast growth medium (FGM-2; Cambrex
Bio Science Walkersville, Walkersville, MD). Medium
was changed three times per week and the cells were harvested with trypsin–EDTA (Cambrex Bio Science Walkersville). Human umbilical cord vein endothelial cells
(HUVECs) were isolated from freshly harvested umbilical cords. Collagenase type IA (Sigma, St. Louis, MO)
digestion (1 mg/mL) was performed at 37°C for 10 min
to release endothelial cells from the vessel walls. Vessel
walls were rinsed with Hanks’ balanced salt solution
(HBSS; Cambrex Bio Science Walkersville) and the

wash was collected. The wash was centrifuged at 1200
rpm for 5 min. The pellet was resuspended in endothelial growth medium (EGM-2; Cambrex Bio Science
Walkersville) without vascular endothelial cell growth
factor (VEGF) and plated in collagen-treated culture
flasks (Fisher Scientific, Pittsburgh, PA). On reaching
80% confluency, HUVECs were harvested by
trypsin–EDTA treatment. DFs were used up to passage
25, whereas HUVECs were passaged a maximum of three
times.

Vascularized tissue construct assembly
Cytodex 3 microcarrier beads (Amersham Biosciences) were sterilized and prepared for seeding with a
series of washes in microvascular endothelial cell
medium 2 (EGM-2 MV; Cambrex Bio Science Walkersville) modified without VEGF. HUVECs (passage 3)
were added (seeding density, 4  106) to an inverted 25cm2 culture flask containing 5 mL of EGM-2 MV without VEGF and approximately 10,000 Cytodex beads. The
inverted flask was then incubated at 37°C in a 5% CO2
atmosphere. To facilitate bead coating, the flask was
shaken gently every 30 min. After 4 h, the microcarrier
beads were adequately coated with HUVECs. The coated
beads were transferred to a fresh 25-cm2 flask and incubated in the standard cell culture position for 24 h, allowing any suspended cells to attach to the bottom of the
flask. A fibrin solution (2.5 mg of fibrinogen [Sigma] per
milliliter of EGM-2 modified without fetal bovine serum)
was prepared and sterile filtered. To assemble the construct, the endothelial cell-coated beads (100–200 beads
per 0.5 mL of fibrin solution) and 5% FBS were added
to the fibrin solution. In each well of a 24-well plate
(Fisher Scientific), 10 L of a thrombin solution (50
U/mL) and the desired volume (milliliters) of the fibrin–bead solution were added. The construct was allowed to stand for 5 min, while the beads settled to the
bottom of the well by gravity, before incubation for 20
min at 37°C in 5% CO2. During incubation the fibrin
cross-links (“gels”). The beads were seeded at a relatively
low density to maximize the distance between neighboring beads and to minimize clumping.
Fibroblasts were then plated (20,000 cells per well) on
top of the fibrin gel in a monolayer a fixed distance (on
the order of millimeters) away from the bottom of the
well, and thus from the cell-coated beads. The distance
of separation was controlled by the volume of fibrin solution added. Fibroblasts were allowed to attach for 3 h
and then an acellular layer of fibrin solution of known
volume (and thus thickness) was layered above the fibroblasts, completing the tissue construct. Figure 1 demonstrates the completed tissue construct and dimensions
schematically. The constructs were maintained with
EGM-2 supplemented with aprotinin (0.15 U/mL) to pre-
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FIG. 1. In vitro fibrin gel model. This schematic shows the
location of HUVEC-coated beads and the dermal fibroblast
monolayer (DF) relative to each other and the nutrient medium.
The system is characterized by three physical dimensions: C,
the distance at which the endothelial cell-coated beads are kept
from the growth medium; F, the distance separating the fibroblast monolayer from the growth medium; and , the distance
between the capillary network and the fibroblast monolayer.
The current study examined the impact of C and  on the quality of the capillary network.

vent the rapid degradation of the gel by endothelial cellderived proteases.

Diffusion limits
The diffusion distances examined (see Fig. 1) were the
distance from the endothelial cell-coated beads to the
growth medium, C, and the distance between the endothelial cells and the fibroblasts, . If C was increased
while holding  constant, then the distance between the
fibroblasts and the growth medium, F, also increased and
thus F was not independently examined. Values of C varied from 3.6 to 7.2 mm in 0.9-mm increments. Therefore
there were five values of C (3.6, 4.5, 5.4, 6.3, and 7.2
mm). For a given C,  was varied by moving the position of the fibroblast monolayer such that  varied between 1.8 and 4.5 mm (0.9-mm increments and thus four
distances). Preliminary experiments proved that  greater
than 4.5 mm produced little capillary formation (data not
shown). For each condition, two gels containing 100–200
EC-coated beads were constructed. The result is 1 experiment with 17 conditions (34 gels).

Images and processing
Tissue constructs were imaged 7 days postassembly by
phase-contrast microscopy. Of the 100–200 beads per ex-
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perimental condition, 5 beads were imaged at low power
(10) and saved as high-resolution files (*.tif). To identify the impact of  and C on the capillary network, each
gel was scanned by moving the field of view from top
left to bottom right in 1-mm increments. The first five
isolated beads (i.e., not exhibiting anastomoses with a
neighboring bead) were selected for imaging and quantification. Image-processing software (Scion Image;
Scion, Frederick, MD) was utilized to quantify the capillary/bead images. A total of 85 beads (17 combinations
of C and  [see Fig. 5], times 5 beads per condition) were
quantified using three indices (Fig. 2): (1) total capillary
network length (sum of all vessel segments), (2) total
number of vessel segments per bead, and (3) number of
vessel sprouts (vessels 100 m in length whose origin
could be traced to the bead) per bead. These parameters
were measured directly from the high-resolution image
files by four different research personnel following the
same protocol, and the values were averaged. Personnel
quantifying the vessels were “blinded” as to the experimental conditions.

Oxygen tension
To determine whether oxygen was diffusion limited in
this model, acellular fibrin gels with a total depth of 9
mm, and standard (i.e., with HUVEC-coated beads and
DFs) gels where C  9 mm, and   1.8 or 5.4 mm,
were generated. Oxygen tension was measured with a
fiber optic oxygen sensor (FOXY; Ocean Optics,
Dunedin, FL). The tissue constructs were maintained for
2 days, and then the oxygen sensor was inserted just below the surface of the tissue and allowed to reach a steady
state reading. The oxygen probe was then progressively
lowered into the tissue at precise depths and steady state
oxygen tensions were recorded. This process was re-

FIG. 2. Technique to quantify capillary network. A schematic
showing capillaries radiating from a single bead at 10 (low
power). Beads from each construct are quantified by three characteristics: (1) the number of sprouts that can be traced back
to the bead, (2) the number of individual vessel segments, and
(3) the total length of all the vessel segments. The numbers
(1–15) indicate individual segments, and vessels 1–5 indicate
a sprout.
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peated at three different radial positions. The result is data
demonstrating oxygen tension as a function of depth into
the gel.

Statistics
To determine whether features of the capillary network
depended on  or C, data were plotted holding either C
constant and varying , or holding  constant and varying C. Linear regression on the aggregate data was then
performed and confidence intervals for the slope were
determined. A 95% confidence interval that did not include zero was deemed statistically significant.

RESULTS
HUVECs seeded on microcarrier beads rapidly sprout
and form capillary networks in fibrin-based tissue constructs. Sprouts form within 2–3 days postassembly. After 6–8 days fully formed capillaries, lined with multiple
endothelial cells consistent with patent lumens, reach
lengths of up to 500 m (Fig. 3A–C). When left in culture for up to 14 days, the capillary network continues to
remodel, developing an extensive anastomosing network
among neighboring beads (Fig. 3D). Endothelial cells in
gels made without fibroblasts migrated off the beads, and
failed to align and organize into stable capillaries (Fig.
3E).
To investigate the impact of thickness on diffusion of
nutrients and growth factors from the medium and the
DF, we systematically varied the distance separating the
beads from the medium, C, and the monolayer of DF, .
Images showing representative beads for selected values
of C ( held constant) and  (C held constant) are shown
in Fig. 4. It is evident that robust capillary network development occurs for   1.8 at several values of C;
however, as  increases, the extent of the capillary network is compromised, again independent of C.
Figure 5 quantifies the impact of either C (Fig. 5A, C,
and E, where each line represents a different constant
value of ) or  (Fig. 5B, D, and F, where each line represents a different constant value of C) on the three features of the capillary network described in Materials and
Methods (1) total capillary network length (Fig. 5A and
B), (2) total number of vessel segments per bead (Fig.
5C and D), and (3) number of vessel sprouts per bead
(Fig. 5E and F). It is evident that all three features of the
capillary network behave similarly; that is, there is a
strong correlation between total network length, number
of vessel segments, and number of sprouts. The other
striking result is the marked dependence (statistically significant for all features of the network) of the capillary
network on , as previously described qualitatively in
Fig. 4. When the distance between the beads and the DF

monolayer exceeds 1.8 mm, the extent of the capillary
network is compromised. This is evident in Fig. 5B, D,
and F, which demonstrates a steady decrease in the capillary network parameters (e.g., total network length) for
  1.8 mm. The capillary network is independent (statistically insignificant) of the thickness, C, for values between 3.6 and 7.2 mm.
One potential limiting nutrient is oxygen, which could
be consumed by the DF monolayer that separates the
HUVEC-coated beads from the source of oxygen. Hence,
we measured the oxygen tension as a function of depth
in the gel in the presence and absence of cells. As shown
in Fig. 6, the oxygen tension remains 125 mmHg (room
oxygen tension is approximately 160 mmHg) throughout
the fibrin-based tissue construct in the absence or presence of cells. This suggests that the diffusion limitation
observed in Fig. 5 is due to nutrients (e.g., growth factors) derived primarily from the fibroblasts, not oxygen.
To determine in vivo diffusion limits, one must be able
to create larger viable tissues in vitro. Hence, this result
demonstrates the feasibility of this premise, as the implanted tissue construct will encounter partial pressures
of oxygen in vivo (25 mmHg) that are much lower than
we have demonstrated in vitro.

DISCUSSION
Overcoming diffusion limits for the delivery of essential nutrients and the removal of waste products is a primary obstacle in the development of thick (2 mm) engineered tissues. One possible solution is to mimic the
strategy used successfully in vivo: namely, convection of
nutrients and waste products in a vascular network. The
present study addresses this issue with the development
of an in vitro three-dimensional model of angiogenesis
that could form the foundation of a strategy to prevascularize a tissue construct before implantation. The model
is composed of HUVEC-coated microcarrier beads and
a fibroblast monolayer embedded in a fibrin matrix. Capillary sprouts are observed within 2–3 days of culture and,
when left in culture for 6 days, the sprouts continue to
develop into fully formed capillaries with observable lumens. This initial study investigated in vitro diffusion
limits of the developing capillary network to determine
the impact of two critical distances in the model system:
(1) the distance separating the fibroblasts from the capillary network (), and (2) the distance separating the nutrient medium from the capillary network (C). We found
that three characteristics of the capillary network (total
length of capillary network, number of capillary sprouts,
and average length of capillaries) were significantly reduced for   1.8 mm, but were independent of C up to
7.2 mm.
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FIG. 3. In vitro vessel formation using HUVEC-coated beads
embedded in a fibrin gel. Bead diameter ~150 m. (A) Phasecontrast image showing the vessels sprouting away from the
beads (day 8). Scale bar: 100 m. (B) Detailed phase-contrast
image demonstrating the presence of a clear lumen within the
newly formed vessel. Scale bar: 10 m. (C) Fluorescence microscopy imaging of vessels stained for actin filaments, using
TRITC–phalloidin, and counterstained with 4,6-diamidino-2phenylindole (DAPI) to highlight the position of the nuclei.
Scale bar: 100 m. (D) Low-magnification (4) image of
beads on day 14, demonstrating an extensive anastomosing
capillary network between neighboring beads. (E) Image of
HUVEC-coated bead on day 8 in the absence of fibroblasts,
demonstrating the absence of any well-formed vessels.

In vitro prevascularization
Our in vitro model of angiogenesis utilizes materials
(i.e., fibrin, HUVECs, and DFs) that mimic the normal
wound-healing angiogenic response in vivo, and thus offers several advantages. Fibrin is the primary component
of the provisional matrix that is initially present in a healing wound. In addition to the primary anticoagulant function, fibrin also stimulates the in growth of new vessels
to vascularize the wound area.

Cytodex beads are made of dextran and are completely
biocompatible. Although new vessels in the in vitro
model can be traced back to (or dead end) at a bead, timelapse microscopy of the network (data not shown) demonstrates continuous dynamic formation and dissolution
of anastomoses between neighboring beads. This observation suggests that once implanted in vivo, remodeling
of anastomoses by the host will allow the network to
rapidly circumvent the Cytodex beads. It is also of interest to note that directly embedding endothelial cells in
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FIG. 4. Images of vascular network with increasing diffusion distances. Images show representative beads that were quantified
on day 7 and used to generate Fig. 5. The fibrin matrix depth, C, increases from 3.6 to 7.2 mm horizontally, while  increases
from 1.8 to 4.5 mm vertically. From these images it is apparent that diffusion limits exist for mediators produced by the fibroblast monolayer as the quality of the vessel network is compromised as  exceeds 1.8 mm, but do not exist for mediators present in the medium as the vessel network remains robust and independent of C.

fibrin gels (i.e., without coating on Cytodex beads) does
not yield a similar capillary network. This likely reflects
the need for the endothelial cell to go through the full
program of sprouting, migration, alignment, and tube formation, rather than being forced to “coalesce” into a vessel from an initial random distribution of cells in the gel.
HUVECs were chosen because they are easily maintained, can be cultured in large numbers, and are obtained
from discarded tissue. Clearly, the fact that autologous
donation, in the absence of long-term cryopreservation,
is not possible represents a significant disadvantage.

However, our primary goal is to establish the feasibility
of prevascularizing a tissue construct. Advances in the
collection, identification, and proliferation of circulating
endothelial precursor cells (EPCs) is encouraging,23–25
and the applicability of EPCs for prevascularizing a tissue construct remains an attractive and viable option.

Competing technologies to overcome
diffusion barriers
Numerous methods have been proposed to use vascularization as a strategy to overcome the diffusion barrier

FIG. 5. A diffusion limit exists for nutrients and mediators from the medium and fibroblasts to the capillary network. Day 7
values for total vessel length (A and B), total number of vessel segments (C and D), and total number of sprouts (E and F) of
the capillary network are shown as a function of the distance separating the capillary network from the nutrient medium, C (A–C),
and the distance separating the fibroblasts from the capillary network,  (D–F). In (A–C) the lines represent different values of
, and in (D–F) the lines represent different values of C. In this fashion, one can visualize the dependence of the capillary network on both  and C while holding the other variable constant. The quality of the capillary network is compromised (statistically significant negative slope using linear regression on the aggregate data) as  becomes larger than 1.8 mm, but is independent of C for distances as large as 7.2 mm.
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FIG. 6. Oxygen tension in vitro is nearly constant throughout the depth of a 9-mm tissue construct. Oxygen tension as a function of depth into the fibrin-based construct is reported in both an acellular gel and two standard gels with fibroblasts and a capillary network. The capillary network is 9.0 mm from the nutrient medium (i.e., C  9.0 mm) with values of  equally 1.8 and
5.4 mm, respectively. The data points are means of measurements from three different positions at each depth in a single construct. Standard error of these measurements was 2%. The top (depth  0 mm) of the gel is exposed to room air. The thin
dashed line represents the oxygen tension in room air, and the orientation of the construct is shown at the bottom. Note that oxygen tension throughout the gel is nearly constant, independent of the presence of cells, and is 125 mmHg everywhere.

of nutrients and waste products. The first approach includes degradable microcarriers and cellular transfection.
Degradable microcarriers can be used to release angiogenic growth factors such as VEGF or basic fibroblast
growth factor (bFGF).11–17 Alternatively, a mammalian
cell can be transfected to overexpress an angiogenic cofactor.26–28 The primary drawback of this approach for
the design of thick tissues is the time needed for ingrowth
of new vessels from the host. During this time, cells at
the interior of the tissue implant are at risk of necrosis
because they have no means of support while new vessels penetrate from the edges. Rapid vascularization
throughout the entire tissue is needed to overcome this
drawback.
The second approach involves the use of degradable
polymer scaffolds that can provide bulk and porosity for
an implantable device and also encourage the ingrowth
of vessels in vivo. An early study utilized a degradable
poly(glycolic acid) (PGA) scaffold seeded with chondrocytes and demonstrated tissue differentiation, but was
limited to a thickness of 0.35 cm.18 More recently, a
macroporous hydrogel bead using sodium alginate covalently coupled with an arginine, glycine, and aspartic
acid-containing peptide was demonstrated to maintain
bulk and induce the ingrowth of vessels 6 months postim-

plant in mice.19 The size of these implantable beads
ranged from 2.7 to 3.2 mm in diameter. If the implantable
scaffold contains cells of a specific phenotype (i.e., hepatocytes or cardiac myocytes), the primary disadvantage
is the reliance on diffusion to deliver nutrients and oxygen while waiting for the ingrowth of new vessels from
the host, similar to the first approach. If the scaffold is
acellular, then the primary disadvantage is the limitation
of the final tissue to fibrovascular scar tissue.
The third approach involves prevascularizing a tissue
construct before implantation. One strategy is to prevascularize a tissue by implanting a degradable polymeric
construct into a host, allowing a fibrovascular tissue to
develop. Then, inject cells specific to the tissue function
of interest (e.g., hepatocytes).20 This strategy is again limited by the need for ingrowth of new vessels into the initial polymer construct.

In vitro diffusion barriers
The current study advances our understanding of diffusion barriers in vitro by examining two critical distances that separate the developing capillary network
from necessary growth factors and nutrients. It is clear
that the fibroblast produces soluble mediators (i.e.,
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growth factors) that diffuse through the fibrin matrix to
the HUVECs. In the absence of the fibroblast, mature
capillaries are not produced, and as the fibroblast monolayer is moved to distances greater than approximately
1.8 mm, the extent of the capillary network in terms of
length and number of vessel sprouts is significantly compromised. Although the specific factors produced by the
fibroblast are as yet not identified, potential candidates
included bFGF, platelet-derived growth factor (PDGF),26
transforming growth factor  (TGF-),29 and the angiopoietins (Ang),30 which are all known to participate
in the stimulation and stabilization of new capillaries.
Our data also suggest that the factors produced by the
fibroblast are more sensitive to diffusion distance than
those present in the growth medium. The quality of the
capillary network was compromised when the fibroblast
monolayer was moved more than 1.8 mm from the HUVEC-coated beads; however, the capillary network was
not compromised by moving the growth medium to distances as great as 7.2 mm away from the capillary network. Finally, diffusion of oxygen does not appear to be
limiting in vitro. For gel thickness less than 9 mm, our
lowest measurements of oxygen tension still exceeded
125 mmHg; typical partial pressures of oxygen in tissue
are as low as 25 mmHg. This important finding allows
the development of vascular networks in vitro in tissue
constructs on the order of centimeters in thickness, which
is critical as the vascular network is not yet functional
(i.e., delivering oxygen and removing carbon dioxide).
Once implanted, rapid integration with the host vascular
system is anticipated on the basis of observations in vivo,
which have shown the dynamic development of mature
vascular systems in less than 24 h.31 Thus, it is anticipated that increased oxygen demands from invading host
cells will be met by the preformed, but now functional,
vascular network.
The lack of an observable diffusion limitation for oxygen in our in vitro model is likely to due to physical properties of the matrix, such as fibrin concentration or cell
density, which differ from the in vivo environment. Although mimicking in vivo oxygen diffusion was not the
goal of the current experiment, future investigation may
simulate these conditions by increasing cell density, distributing DFs throughout the fibrin matrix, or altering the
concentration of fibrin. These perturbations may allow a
more specific examination of oxygen transport on capillary formation.

Conclusion
In summary, we have established a model of angiogenesis using human umbilical vein endothelial cells, dermal fibroblasts, and a fibrin matrix. The construct demonstrates robust capillary growth with clear lumens that
reach lengths greater than 500 m by 6 days in culture,
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and complex anastomosing capillary networks after 14
days in culture. Oxygen diffusion is not limiting in vitro,
allowing the creation of prevascularized tissue constructs
on the order of centimeters in thickness. Soluble factors
produced from the fibroblasts are necessary to stabilize
the capillary network, and are more sensitive to diffusion
distance than soluble factors in the growth medium. This
model of angiogenesis mimicks the architecture of a healing wound, and may provide a framework for the design
of thicker engineered tissues beyond the diffusion limit
(2 mm) that currently limits the field of tissue engineering.
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