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In the present study, polymer mono e« laments were embedded in < brin seeded with human umbilical
vein endothelial cells (HUVEC) to guide HUVEC attachment and migration in order to form oriented
vessel-like structures between adjacent mono ¢ laments. Histology and
cone rmed that microvessel-like structures, which were developing between polymer mono
embedded in - brin, contained a lumen. The effect of human
bFGF) over the microvessel formation process was tested. The effects of VEGF and bFGF were dose-
dependent. The effect of VEGF was optimum at the lower concentration tested (2 ng/mL), while that of
bFGF was optimum at the higher tested concentration (20 ng/mL). Furthermore, the use of
signi« cantly improved the maturation of the microvessels compared to control and to samples cultured

uorescent e brin experiments
« laments
« broblasts and growth factors (VEGF and

« broblasts

e 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Microvascularization is a process in which endothelial cells form
microvessels. It is involved in the progression of cancerous cell
masses[le 3]. Also, functional microvessels are necessary to supply
nutrients and remove wastes in cell and/or tissue aggregates in
order to improve tissue substitute survival and function [3,4],
therefore justifying the development and application of methods to
support microvessel formation.

Angiogenesis is a multistage process involving the sprouting of
blood vessels from pre-existing vasculature [2,4]. Brie y, endothelial
cells degrade the extracellular matrix followed by cell proliferation,
migration, and cell e cell interactions leading to the formation of
tube-like structures, and eventually to sprouting and lumen forma-
tion with adjacent vessels [4,5]. Severalin vitro and in vivo angio-
genesis assays have been developed to study and follow the
development of sprouts and lumens and to validate the ef < cacy of
both pro- and anti-angiogenic therapeutics [5,6]. In vitro assays
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include endothelial cells grown in different gels  [6,7], microcarrier
bead assays[8,9], and aortic rings embedded in gels [10e 12], only to
name a few. In vivo assays include the chick chorioallantoic
membrane (CAM) [13], the Matrigel implant [14], and the retinal
angiogenesis assay[15] .

A number of reports have shown that pericytes [16] and smooth
muscle cells [3] can maintain the patent tubular structure of blood
vessels, and at the same time provide important factors to improve
the maturation of microvessels [16,17]. Fibroblasts have been found
to improve capillary sprout growth and stabilization in collagen
and « brin gels [16 e 18]. At some stage of the angiogenesis process,
smooth muscle cells inhibit endothelial cell proliferation and new
vessel formation, implying that mural cells interact with endothe-
lial cells to stabilize newly formed capillaries  [19].

On a different note, other studies reported that angiogenic
growth factors, such as vascular endothelial growth factor (VEGF)
[17,20] and basic « broblast growth factor (bFGF) are essential for
the induction of angiogenesis [21,22]. However, there are some
contradictory data on how VEGF and bFGF concentrations in  uence
cellular responses [12,17].

Although some aspects of angiogenesis, including endothelial
cell migration, proliferation and phenotype differentiation seem to
be established among the scienti « c community, many studies fail to
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model the maturation of microvessels up to the stage of lumen
formation and even just to prove the existence of such multi-
cellular lumen [17]. In addition, often microvessel networks are
randomly distributed in a dispersing gel environment, and lack any
patterning and speci ¢ c orientation [22,23]. In tissue engineering
applications and cancer research, the modeling and study of
directional sprouting and microvessel formation is important
[23,24]. Firstly, we believe that by orienting the development of
microvessels, induction of uid ow within the lumen of these
microvessels will be facilitated [24]. Secondly, having a system in
which microvessels can be patterned opens the door to new in vitro
models of metastasis progression in cancer research [23e 26] to
better understand how biosignalling localization affects micro-
vessel development in a 3D environment.

For these reasons, here we have further optimized and validated
our in vitro model of microvessel patterning using polymer
mono e« laments embedded in < brin. In a previous study, we have
reported the development of an angiogenesis assay in which
microvascularization process was modulated in a directional
fashion [24]. It was demonstrated that polymer < bres deposited on
top of a « brin gel allowed cell attachment on these mono « laments.
Furthermore, when HUVEC-covered «bres were subsequently
sandwiched in < brin, cells established connections with each
others, thus leading to the formation of one microvessel between
two adjacent e bres. Using this culture process, the aims of the
present study were to investigate the effect of human « broblasts
and two angiogenic growth factors (i.e., vascular endothelial
growth factor (VEGF) and basic e broblast growth factor (bFGF)) on
microvessel maturation and to assess lumen formation.

2. Materials and methods
2.1. Materials

100-mm Diameter poly(ethylene terephthalate) mono < laments (PET, ES305910,
Good Fellow, Devon, USA) were « xed onto polycarbonate (Boedeker Plastics Inc.,
Texas, USA) frames that « tted into traditional 6-well plates used in cell culture. The
frames were 22.5 mm in diameter and 2.0 mm thick  [24].

The phosphate buffered saline solution (PBS 1X, pH 7.4) used in these experi-
ments was prepared from Milli-Q water and NaCl (0.137  wm), KCI (0.003 m), NapgHPOy
(0.008 m), and KH,POy (0.002 m). This 150 mwm solution was diluted in Milli-Q water
to make a 10 m m solution. Hank©s balances salt solution (HBSS, H1387) and albumin
from bovine serum (BSA, CAS 9048-46-8) were purchased from Sigma e Aldrich Inc.
(ON, Canada).

Vascular endothelial growth factor (VEGF) used here is a human recombinant
VEGHgs with a 38.2-kDa disul ¢ de-linked homodimeric protein consisting of two
165 amino acid polypeptide chains. Basic < broblast growth factor (b0FGF) is a human
recombinant with a 17.2-kDa protein consisting of 154 amino acid residues. VEGF 165
(cat.# 100-20) as well as bFGF (cat.# 100-18B) were purchased from PeproTech
(PeproTech inc., NJ, USA).

2.2. Cell culture

Human umbilical vein endothelial cells (HUVEC) were purchased from Promo-
Cell (C-12200, Heidelberg, Germany). HUVEC were cultured at 37 C and 5% CQ@ in
M199 culture medium (M5017, Sigma e Aldrich) supplemented with 2.2 mg mL '?
sodium bicarbonate (Fisher, Fair Lawn, USA), 90 my mL' ! sodium heparin (H1027,
Sigmae Aldrich), 100 U/100 my mL' * penicillin/streptomycin (15140-122, Invitrogen
Corporation, Grand Island, NY, USA), 10% foetal bovine serum (FBS, F1051, Sigma-
e Aldrich), 2 m m L-glutamine (25030149, Invitrogen Corporation), and 15  my mL' *
endothelial growth factor supplement (ECGS, 356006, BD Biosciences, San Jose, CA,
USA). HUVEC between passages 2 and 6 were used in all experiments. Skin e bro-
blasts extracted from human foreskin and purchased from PromocCell (C-12350,
Heidelberg, Germany) were cultured in M199 supplemented with 10% FBS and
100 U/100 my mL' * penicillin/streptomycin at37  C and 5% CQ. Fibroblasts between
passages 6 and 15 were used in all experiments.

2.3. Culture system ande brin preparation

PET« bres were « xed on polycarbonate frames to be precisely distanced from
each other [24] . Frames bearing ¢ bres were cleaned in RBS detergent 35 (cat 27952,
Pierce Biotechnology, Rockford, IL), sonicated for 15 min, rinsed with a ow of

Milli-Q gradient water (Millipore Canada, Nepean, Canada) with a resistivity of
18.2 MU cm, and ¢ nally blow-dried with 0.2- nm -« Iter-sterilized air. Frames bearing
« bres were then immersed in 2 mL of sterile PBS containing 10% antibiotics (100 U/
100 ny mL't penicillin/streptomycin) and exposed under UV light for 30 min, as the

« nal sterilization step.

In 6-well plates, < brin gels were prepared to be used as the attachment bench
using 1 mL/well of e brinogen solution (4.0 mg mL ' ') made in HBSS and supple-
mented with 350 KIU mL ' * of aprotinin. This solution was directly mixed with 1 mL
of a thrombin solution (2 U mL "Lin HBSS) for the polymerization process of « brin-
ogen into e brin, 5 min at room temperature followed by 20 min at 37 C and 5% CQ.

2.4. Cell adhesion and angiogenesis assay

After the polymerization process, sterile frames bearing the < bres were trans-
ferred and deposited on the top of a « brin gel prepared as described in Section 2.3.
Then, 100,000 HUVEC were directly seeded over it and cultures were run for 2 days
to allow cell attachment. Two (2) mL of supplemented M199 medium were « nally
added to each well to cover the frames [24].

After the attachment phase, frames bearing < bres were transferred to a new
« brin gel with the same composition as described above, and then covered with
a second layer of ¢ brin that contained 100,000 HUVEC per milliliter suspended in
heparin-free M199 medium. The « brinogen solution was allowed to clot for 5 min at
room temperature and then, at 37 C and 5% C@ for 30 min. After the polymeri-
zation process, 2 mL of M199 culture medium (with or without growth factors) were
poured over it. Culture media were changed daily and the culture process was
evaluated after 2 and 4 days. For the co-culture experiment, 300,000 of human
foreskin  broblasts were mixed directly with M199 culture media and added on the
top of the e brin. In another set of experiments, HUVEC were fed with M199 sup-
plemented with either VEGF or bFGF (2, 5 or 20 ng/mL) with no < broblasts.

2.5. Visualization of microvessels and lumen formation

To observe endothelial cell behaviour, pictures were daily taken with a phase
contrast microscope. After 2 and 4 days, the < brin gels containing the frames were
«xed for further examination. For cell staining, cell-seeded <« bres were gently
washed with PBS (3 times) and « xed in a formaldehyde solution (3.75%, wt/v) in
PBS for 20 min. Following three washes with PBS, cells adhered on < bres were
permeabilized with a Triton X-100 solution (0.5% v/v in PBS) for 15 min. Samples
were ¢ nally rinsed three times in PBS, incubated 1 h in a PBS solution containing
2% (wt/v) BSA, and rinsed three more times in PBS. Samples were incubated in
a solution containing a mixture of rhodamine e phalloidin (1:300 dilution, R415,
Molecular Probes, Eugene, OR) for F-actin labelling and Hoechst 33258 (1:10,000
dilution, cat. #B2883, Sigma e Aldrich) for nuclei staining, made in a blocking
buffer solution containing BSA (2% (wt/v) in PBS) for 1 h at room temperature, in
the dark. Finally, after three washes with PBS, samples were conserved with 3 mL
per well of PBS.

Samples were imaged and recorded as high-resolution < les (*.tif). To improve
quality, images were then processed with Image-Pro-Plus Software. The number of
celle cell connections was manually quanti «ed after 2 and 4 days of culture by
counting the numbers of sprouts and branch points. Sprout is an elongated structure
where a connection starts, whereas branch points are single trunk structures that
give rise to two divergent outgrowths. The numbers of cells as well as cell ecell
connections per « bre length are reported.

To assess the formation of multi-cellular lumen, human < brinogen conjugated
with Alexa Fluor 546 (F-13192, Molecular Probes, Eugene, OR) was combined with
unlabelled human « brinogen at a mass ratio of 1:10 (conjugated to unconjugated
« brinogen) to produce the e brin gel, as in Section 2.3, in which the HUVEC-covered
*bres were sandwiched. In this experiment, HUVEC were labelled with the
CellTracer CFSE staining (C34554, Molecular Probes, Eugene, OR) for 30 min prior
to the experiment. The -« brin degradation by HUVEC could then be examined using
confocal microscopy.

In another series of experiments, ¢ bres covered with unlabelled HUVEC were
sandwiched between uorescent « brin (see the above paragraph for composition)
and after polymerization, < broblasts were subsequently added on the top of the
« brin gel. The cultures were carried out for a period of 4 days. Following  « xation and
permeabilization, as described above, cells were stained with Alexa Fluor 488 green
phalloidin (1:300 dilution, A12379, Molecular Probes, Eugene, OR) for F-actin and
Hoechst for nuclei. Layer-by-layer images were taken with a Confocal Laser Scanning
Biological Microscope (Olympus Fluoview FV1000, Olympus Optical Co. Ltd., Tokyo,
Japan).

2.6. Histological section

Fibrin gels containing < bre holders were « xed overnight in 4% neutral buffered
formalin. Fibres embedded in < brin were gently removed from their frame, and
processed for parafe n sections according to standard protocols [27]. Six-nm-thick
sections were then prepared for hematoxylin and eosin staining (both from Sig-
mae Aldrich). Pictures were taken with the bright < eld mode of the Biolmaging
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Navigator uorescence microscope (Olympus FSX100, Olympus Optical Co. Ltd., a PBS solution containing 2% (wt/v) BSA, and rinsed three more times in PBS.
Tokyo, Japan). Samples were then incubated in a solution of rhodamine e phalloidin red (1:300
dilution) made from a blocking buffer containing BSA (2% (wt/v) in PBS) for 1 h
2.7. Imaging microvessels by confocal microscopy at room temperature, in the dark, and rinsed three times with PBS. Finally,
samples were incubated with SYTOX Green Nucleic Acid Stain (cat. S7020,
To investigate microvessel formation between adjacent «bres, frames 1:10,000 dilution in Milli-Q water, Invitrogen) for 20 min and washed three
bearing < bres embedded in < brin were gently washed with PBS (3 times) and times with PBS.
«xed 20 min in a formaldehyde solution (3.75%, wt/v, PBS). Following three Images of microvessels were taken with a Confocal Laser Scanning Bio logical
washes with PBS, cells were permeabilized with a Triton X-100 solution (0.5% v/ Microscope (Olympus Fluoview FV1000, Olympus Optical Co. Ltd., Tokyo, Japan)
v in PBS) for 5 min. Samples were rinsed three times in PBS, incubated 1 h in equipped with an Olympus IX70 camera and recorded as high-resolution laye r-

Fig. 1. Effect of « broblasts over microvessel development. After being sandwiched in  « brin, HUVEC migrated along the < bre axis and some toward the gel (a). After 1 day of culture,
some cells were able to build cell e cell connections along the < bre axis (discontinued arrows) and even able to bridge between < bres (arrows) (b). In the absence of « broblasts, many
cells failed to establish cell e cell connections after 2 days of culture (arrows) (c). Comparing to the control, the use of  « broblasts produced more tube-like cell e cell connections after
2 days (d). After 4 days of culture, low magni e cation images of samples with « broblasts reveal that cell e cell connections covered almost all the area between adjacent - bres (e).
With the presence of < broblasts, phase contrast microscopy (f) as well as immuno  uorescence (F-actin and nucleus staining) (g) con * rmed the presence of a complex tube-like
structure network after 4 days of culture. Scale bars correspond to 100 nm.
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PET fibre

Fig. 2. Immuno uorescence picture illustrating the effect of < broblasts on microvessel development. After 4 days of culture, cells were stained for F-actin using rhodamine e
phalloidin (red) and counterstained with SYTOX Green to highlight the position of nuclei during confocal analyses. Confocal pictures were recorded as layer-by-layer images from

the top to the bottom of samples (a e d). Complete image reconstruction is presented in (€). To con e« rm the degradation of « brin after 4 days, HUVEC were stained with the CFSE Cell
Tracer (green) prior to be cultured in  « brin made of a mixture of  uorescent (red) and non-conjugated < brinogen. A complete image reconstruction is shown at low (f) and high
magni« cation (g). Scale bars correspond to 100 nm.

by-layer «les. Images were edited with Olympus FV10-ASW 2.0 viewer and 3. Results and discussion
a complete image reconstruction was made to provide a 3D view of the

microvessels. . . . .
This three-dimensional cell culture system allows to precisely

controlling the -« bre-to- » bre distance to 100 mMm [24]. When

2.8. Statistical analysi . . L
atstical analysis HUVEC-covered ¢ bres were embedded in < brin also containing

The results are expressed as mean values " standard deviations for each group HUVEC, cells oriented and elongated along the «bre axis at the
of samples. Data were statistically analyzed by using the analysis of variance « bree gel interface, allowing the patterning of microvessels. When
(ANOVA,).

Table 1
Effects of VEGF and bFGF concentrations over the numbers of cells and cell e cell connections following 2 days of culture.
Cell number and cell e cell connection Control Growth factor concentrations (ng/mL) CD value
VEGF bFGF
2 5 20 2 5 20 p< 005 p< 001
Number of cell e cell connections per « bre 6.60" 0.9 9.12" 0.4 7.2°" 1.1 5.1°" 1.0 7.0°" 1.1 8.1°" 0.9 9.8%" 1.0 0.95 1.43
length (connections/mm)
Number of cells per < bre length (cellss/mm) 52.6 dv 77 839%" 23 822%" 63 530%°" 12.3 68.8°" 44 786°" 58 858" 54 7.07 10.60

* Means in a row followed by different letters are signi  « cantly different.
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Fig. 3. Immuno uorescence picture (F-actin and nuclei staining) illustrating the effect of VEGF and bFGF on microvessel development. Scale bars correspond to 100  mm.

using HUVEC-free mono« laments embedded in « brin containing
HUVEC, neither tube-like structures nor cell e cell connections were
observed (Supplementary Figure 1). The step-by-step process of
microvessel development occurring in the culture system
described here has been presented elsewhere [24].

Compared to our previous study in which lower HUVEC
concentration was used inthe < brin gel [24], the numbers of cells as
well as cell e cell connections per < bre length after 2 and 4 days of
culture found in this present study were higher. In the present study,
the cell density was increased, as we found that it plays a signi -
cance role in the microvessel development. This is in agreement
with another study revealing that when cell number was smaller
than a certain threshold value, the formation of tube-like cell
connections, sprouting and branching were not observed [28].

After sandwiching the HUVEC-covered -« bres in ¢ brin and adding
« broblasts, some cells thatcoverthe e bres migrate alongthe e bre axis
and some into the e brin ( Fig. 1a) in order to interact with the cells
located inside the gel, * nally forming cell e cell connections after 1 day
of culture. During this phase, cell cytoskeleton shape became more

atten and elongated to form tube-like structures (discontinued
arrows, Fig.1b) and even some cells were able to bridge between two
« bres to build a cell connection (thick white arrows,  Fig. 1b). When
HUVEC were cultured in the absence of e broblasts, many HUVEC

Table 2

migrated away from the < bres and failed to build cell e cell connec-
tions, and even though connections were formed after 2days (  Fig. 1c),
the number of connections was lower when compared to the system
inwhich < broblasts were added ( Fig. 1d).

Lower magni « cation image of samples with < broblasts reveals
the tube-like structures seen between adjacent < bres, almost
completely covering the area between < bres after 4 days (Fig. 1e).
Also, a complex tube-like structure network occurred between
adjacent « bres (black and white arrows, Fig. 1f and g).

When HUVEC-covered « bres were co-cultured with e« broblasts
for a period of 4 days, confocal microscopy pictures ( Fig. 2ae e)
cone rmed the better maturation of the microvessels, compared to
control samples ( Supplementary Figure 2 ). A lower magni « cation of
the reconstructed confocal image ( Fig. 2f) as well as a higher
magnie cation image ( Fig. 2g) also revealed that the « brin between
adjacent ¢ bres, where cells formed connections, was degraded over
time. In these experiments ( Fig. 2f and g), * brin was prepared using
* brinogen conjugated with a red uorescent probe mixed with
regular < brinogen. HUVEC were labelled with CFSE CellTracer
(green).

The effect of VEGF and bFGF over the formation of cell e cell
connections and microvessel development was dose-dependent
(Table 1). Numbers of cell e cell connections between < bres as well

Comparison of the effects of < broblasts, VEGF and bFGF over the numbers of cells and celle cell connections.

Cell number and cell e cell connection
(days)

Culture time  Parameters

CD value

Control Fibroblasts VEGF (2 ng/mL) bFGF (20 ng/mL) p< 0.05 p< 0.01
Number of cell e cell connections per ¢ bre length (connections/mm) 2 6.6 °" 0.9 12.4%" 0.9 9.2°" 0.4 9.8°" 1.0 0.87 1.35
4 12.5°" 1.6 20.9%" 3.8 13.2°" 22 16.4°" 1.5 2.64 4.11
Number of cells per e bre length (cells/mm) 2 526 °" 7.7 895%" 46 83.9°" 23 85.8°" 54 578 8.99
4 92.7°" 185 124.9%" 12.1 895°" 57 97.9°" 5.3 12.62 19.65

* Means in a row followed by different letters are signi  « cantly different.
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as cell numbers per e bre length are listed in Table 1 The mean
numbers of cell e cell connections between «bres as well as cell
numbers per ¢ bre length between controls and systems with either

VEGF or bFGF at three concentrations (i.e., 2, 5 and 20 ng/mL) were
compared for a culture period of 2 days ( Fig. 3ae d and Table 1). The
effect of VEGF was stronger at 2 and 5 ng/mL ( Fig. 3a), when
compared to the highest concentration tested here (20 ng/mL,

Fig. 4. lllustration of multi-cellular lumen formation for cultures carried out for a period of 4 days with
was made using a mixture of < brinogen conjugated with Alexa Fluor 546 (red) and non-conjugated

Fig. 3b) and to the control system with no added growth factors.
The addition of bFGF yielded higher numbers of cell e cell connec-
tions and cells per «bre length at a concentration of 20 ng/mL
(Fig. 3d), when compared to those with bFGF concentrations of 2 or
5 ng/mL (Fig. 3c) and control.

Our results (Fig. 3 and Table 1) showed that VEGF and bFGF
supported cell proliferation and migration, thus enhancing the

« broblasts. HUVEC were stained for F-actin (green) and nuclei (blue). Fibrin
« brinogen. Microvessel structure and « brin degradation are illustrated in the

layer-by-layer pictures (a e d) as well as in the complete image reconstruction (e). Image of the culture system at time zero (f). Examination of histological sections stained using

hematoxylin and eosin reveals HUVEC lining (arrows) and lumen formation (star) (g). Lumens were guided by the

« bre (discontinued arrow) (h). Higher magni « cation reveals that

HUVEC are lining (i). Scale bars correspond to 30 nm (ae f), to 100 mm (g and h), and to 10 nm (i).
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Table 3

Review of some studies on the effects of VEGF and bFGF on endothelial cells and angiogenesis.

Cell type/culture method Growth factors

Results Ref.

HUVEC cultured in « brin and collagen gel containing
growth factors and sphingosine-1-phosphate (S1P).

EC were seeded on microcarrier beads and then
embedded in ¢ brin containing growth factors.
Mouse aortic rings (contained EC and mural cells)

were cultured in a collagen-based matrix.

HUVEC were cultured on microcarrier beads and
embedded in e brin, then covered with M199
containing growth factors.

EC cultured on microcarrier beads embedded in a
serum-free ¢ brin with bFGF.

Human umbilical artery endothelial cells were
cultured in plastic wells pre e coated with growth factors.

HUVEC were cultured on microcarrier beads,
then embedded in ¢ brin gels and covered
with M199 containing growth factors.

Canine jugular vein EC (CJEC) cultured in ¢ brin
glue then embedded in « brin gel and covered
with M199 containing FGF-1.

Bovine aorta endothelial cells cultured in e brin glue,
then embedded in « brin and covered with M199
containing 1 or 2 growth factors.

bFGF and VEGF (40 ng/mL)

VEGF (100 ng/mL) and bFGF (30 ng/mL)

VEGF and bFGF (5, 20, 50 ng/mL)

VEGF and bFGF at
several concentrations (1 e 35 ng/mL)

bFGF (30 ng/mL)

VEGHRgs and VEGRgg at 4 ng/mL

VEGH,; and VEGRgs at
several concentrations (1 e 35 ng/mL)

FGF-1 1, 10, 100 ng/mL

FGF-1 and VEGF at concentrations
between 1 and 100 ng/mL.

S1P combined with either VEGF or FGF stimulated [7]
EC to invade gels and form tube-like structures
and not in the absence of S1P.

The use of either bFGF or VEGF stimulated [9]
capillary formation from EC.
Both growth factors dose-dependently stimulated [12]

angiogenesis, with bFGF showing a stronger effect

than VEGF. The stronger stimulatory dose for

both factors was 20 ng/mL.

VEGF enhanced sprout formation from beads [17]
but not bFGF. VEGF was optimal at low

concentrations (2.5 e 5 ng/mL) and decreased

at higher concentrations (15 e 35 ng/mL).

bFGF played an important role in the regulation [22]
of guided EC migration during angiogenesis.
Immobilized VEGF supported cell migration and [29]

survival. VEGF, g9 enhanced EC adhesion when

compared to VEGFgs.

Low concentrations of both VEGF 1,7 and VEGRgs [30]
promoted the growth of long, thin vessels,

whereas higher concentrations of VEGF remarkably
enhanced vessel diameter.

Low concentration of FGF-1 (1 ng/mL) maintained a [41]
persistent microvascular network, whereas higher
concentrations resulted in an abnormal CJEC

phenotype and vessel regression.

Signie cant effect of FGF-1 started at 1 ng/mL [42]
while VEGF at 2 ng/mL. The optimum effect was

at higher concentration (100 ng/mL) for both

growth factors. When combining bFGF and VEGF

at concentration of 10 ng/mL, the effect was greater

than either bFGF or VEGF alone.

EC: endothelial cells.

formation of cell e cell connections in a dose-dependent manner.
This « nding is in good agreement with other studies
The use of VEGF at a concentration of 20 ng/mL resulted in lower
cell numbers and cell ecell connections compared to control
cultures. This phenomenon is referred to as the biphasic effect of
VEGF, as also reported by others [30,32].

Following 2 and 4 days of culture, the number of cell ecell
connections per e« bre length (connections/mm of < bre) was statis-
tically signi  cantly higher when < broblasts were added compared
to those of control and samples with bFGF (20 ng/mL) and VEGF
(2 ng/mL). Similar ¢ ndings were found when the numbers of cells
per « bre length (cells/mm of < bre) were compared for the different
samples (Table 2).

Celle cell connections and evidence of the degradation of e brin
are presented in Fig. 4. Examining the layer-by-layer confocal
pictures, multiple cell e cell connections were observed (see left
sides of Fig. 4ae d). At time zero, cells were rounded with a strong
uniform signal from the uorescent e« brin (Fig. 4f). Cellecell
connections (discontinued lines) were associated to areas where
« brin was degraded (stars, see right sides of Fig. 4ae d). We believe
that these cell e cell connections are made of multiple cells result-
ing in lumen, as reported by others [33,34]. The complete image
reconstruction ( Fig. 4e) also reveals that the multi-cellular
connections covered almost all the area in between the adjacent
» bres. Histological sections also conermed that HUVEC were
forming multi-cellular lumen (star, Fig. 4g). Lumen were guided by
the PETe bre (discontinued arrow, Fig. 4h) and made up of multiple
cells (arrows, Fig. 4i).

These ¢ ndings reveal that < broblasts enhance microvessel
formation, development and maturation. This is in agreement with
several studies available in the scienti ¢ c literature. For example,
« broblasts were found to stabilize endothelial cell-lined tube
formation [34], and provide important signalling that leads to the

[17,22,29¢e 31].

maturation of capillaries made of HUVEC [32,35]. Fibroblasts are
known to release many growth factors including VEGF, FGF,
platelet-derived growth factor (PDGF), and angiopoietin-1
[12,16 e 18,35]. When comparing the effects of VEGF and bFGF and
« broblasts over the formation of cell e cell connections and subse-
quent microvessel maturation, our results show that < broblasts can
provide sufe cient pro-angiogenic factors to promote vessel-like
formation ( Fig. 2aee). The use of «broblasts yielded higher
numbers of cells and cell e cell connections, when compared to
experiments involving VEGF or bFGF. However, there are still some
debate on how VEGF and bFGF concentration affects angiogenesis
and microvascularization (see Table 3 for some examples of results
from the scienti « c community).

In samples with e« broblasts, they were deposited on top of the
upper ¢ brin gel. In this way, they were from a distance of approx-
imately 2 e3 mm from the endothelial cells and the «bres. To
ascertain that « broblasts were not migrating into the < brin and so
would never come in direct contact with HUVEC up to 4 days of
culture, in some experiments ¢ broblasts were labelled with the
CFSE CellTracer to follow their localization ( Supplementary
Figure 3). These experiments reveal that < broblasts remain on the
top of the e brin and thus the effect of e broblasts over microvessel
development was not a result of a direct contact between < bro-
blasts and HUVEC.

To carry out longer cultures (more than 4 days), we believe that
the recruitment of « broblasts or pericytes at the site of microvessel
formation will be necessary in order to stabilise and completely
close the walls of the microvessels formed between adjacent - bres,
as also postulated by some researchers [34,36e 38]. For instance,
many studies have demonstrated the ability of pericytes, an
immature cell type that can differentiate into < broblasts, smooth
muscle cells or macrophages, to initiate vascular sprouts, to stabi-
lize vessels and to support vessel maturation [18,39,40].
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4. Conclusions

The development of a functional micro-vasculature is a crucial
factor for the survival as well as the development and function of
engineered vascularised tissue substitutes. Here, the effects of
 broblasts and two growth factors (VEGF and bFGF) over micro-
vessel development were studied using a system in which human
umbilical vein endothelial cells (HUVEC) are guided by polymer
mono « laments to form oriented vessel-like structures. VEGF and
bFGF were shown to enhance HUVEC proliferation and migration,
thus improving the development of cell ecell connections and
subsequent microvessel development. When HUVEC-covered
* bres were co-cultured with « broblasts, the HUVEC responses
were more pronounced compared to control and to cultures in
which VEGF and bFGF were used. The use ofe broblasts resulted in
more mature microvessels containing more cell e cell connections.
These microvessel-like structures were also shown to contain
a lumen. This culture process in which microvessels with multi-
cellular lumen are patterned can < nd applications in cancer and
tissue engineering studies.
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Supplementary data associated with this article can be found in
the online version, at doi:10.1016/j.biomaterials.2010.02.076

Appendix

Figures with essential colour discrimination. Figs. 1e4 in this
article have parts that are dif « cult to interpret in black and white.
The full colour images can be found in the online version, at  doi:10.
1016/j.biomaterials.2010.02.076 .
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