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Previous studies have shown that plastic compression (PC) of collagen gels allows a rapid and controlled
fabrication of matrix- and cell-rich constructs in vitro that closely mimic the structure and characteristics of
tissues in vivo. Microvascular endothelial cells, the major cell type making up the blood vessels in the body,
were added to the PC collagen to determine whether cells attach, survive, grow, and express endothelial cell
characteristics when seeded alone or in coculture with other cells. Endothelial cells seeded on the PC collagen
containing human foreskin fibroblasts (HFF) or human osteoblasts (HOS) formed vessel-like structures over 3
weeks in culture without the addition of exogenous growth factors in the medium. In contrast, on the PC
scaffolds without HFF or HOS, human dermal microvascular endothelial cells (HDMEC) exhibited a typical
cobblestone morphology for 21 days under the same conditions. We propose that the coculture of primary
endothelial cells with PC collagen constructs, containing a stromal cell population, is a valuable technique for
in vitro modeling of proangiogenic responses toward such biomimetic constructs in vivo. A major observation
in the cocultures was the absence of gel contraction, even after 3 weeks of fibroblast culture. This collagen form
could, for example, be of great value in tissue engineering of the skin, as contractures are both aesthetically and
functionally disabling.

Introduction

T issue engineering strives to replace a diseased or
damaged organ or tissue, restoring function, or to pro-

duce three-dimensional (3D) tissue models for reproducible
screening of therapeutic agents. One of the challenges in
scaffold-based TE is the choice of a biomaterial. Although
great progress has been made in the field of synthetic ma-
terials, there are still concerns regarding their biological
function, such as cell survival, attachment, and the extent to
which responses reflect those seen in vivo. Naturally oc-
curring polymers offer an attractive alternative in that, their
recognition by cell receptors and susceptibility to enzyme
remodeling makes them a favorable cell environment to
promote tissue function. Collagen type I, a major structural
protein in the mammalian body, is probably the first bio-
material proposed for tissue engineering applications. In
1962, Grillo and Gross described fabrication of reconstituted
fibrillar collagen type I scaffold by drying collagen gels and
reported results of implantation of such scaffolds in vivo.1 In
1979, Bell et al., described the fabrication of a collagen-
based skin equivalent, where fibroblasts within the collagen
gel were cultured over 10 days in vitro.2 Since then, collagen-

based biomaterials have been used extensively for bio-
medical testing and clinical applications.3

The use of collagen-based hydrogels for tissue engineering
applications is limited. Such gels are mechanically weak,
difficult to handle, and degrade quickly when implanted
in vivo.4,5 Although cell-mediated gel contraction improves
the mechanical strength of such scaffolds, the process is
lengthy, taking days to weeks, and depends strongly on the
cell type and number and is therefore difficult to control.6

Moreover, contraction is an undesirable aesthetic problem in
skin tissue engineering. Alternatively, mechanics of collagen
scaffolds can be improved by chemical,7 photochemical,8 or
enzymatic9 crosslinking, excessive heat10 or freeze drying.11,12

These strategies can potentially irreversibly change the
collagen structure12 and require postassembly cell seeding,
which is difficult to control.13

An alternative method for collagen scaffold preparation
includes plastic compression (PC), reported by Brown et al.14

It allows fast (within 1 h) fabrication of tissue-like collagen
scaffolds by expulsion of > 95% of unbound water under
weight and capillary actions. As a result, collagen density
rapidly increases 40–100-fold, while viability of cells, seeded
into the initial collagen gel, is generally not affected. Indeed, it
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has been shown that the viability and proliferation of fibro-
blasts are improved in the PC collagen constructs compared
with hyperhydrated collagen gels.15,16 PC allows bottom-up
engineering of native collagen biomaterial from nanometer to
millimeter scale, closely mimicking the complex hierarchy of
tissues in vivo.17 Since their first report, PC collagen scaffolds
have been characterized extensively in terms of mechanical
and structural properties18 and proposed for bone,19 skin,20

nerve,21 bladder,22 and corneal23 tissue engineering.
Microvascular endothelial cells (MEC) are a major en-

dothelial cell type lining the luminal surface of the blood
vessels and among the first cell types to come in contact
with the implanted biomaterial. These cells participate in
inflammatory and repair responses and are involved in the
formation of new blood vessels.24 It has been shown that
coculture of MEC with human osteoblasts and dermal fi-
broblasts leads to the formation of microcapillary-like
structures by the MEC on tissue culture plastic and on a
number of porous biomaterials.25–27 This effect is attributed
both to the extracellular matrix produced by the osteoblasts
and the molecular cross talk between the closely associated
cells.25,26 However, the use of collagen type I for such co-
cultures has been mostly limited to hydrogels thus pre-
venting its application for tissue engineering due to reasons
outlined above. The aim of these studies was to evaluate
whether endothelial cells could grow and survive in or on
PC collagen, exhibit angiogenesis, and whether the inclu-
sion of a second cell type (dermal fibroblasts and osteo-
blasts) in the PC collagen constructs could influence growth,
survival, and angiogenic behavior of the MEC. We describe
experiments here showing that only cellular, but not acel-
lular PC collagen constructs influence the proangiogenic
behavior of the endothelial cells. Ultimately, the goal was to
determine how closely this in vitro 3D tissue model in PC
collagen closely mimics the in vivo situation and whether it
is a suitable test system for investigation of vascularization
mechanisms in collagen tissues and for fine-tuning param-
eters (e.g., cell and collagen density) to model such bio-
logical responses.

Materials and Methods

Human dermal microvascular endothelial cells

Human dermal microvascular endothelial cells (HDMEC)
were isolated from juvenile foreskin as previously de-
scribed28 and were cultured in the Endothelial Basal Medium
MV (PromoCell) supplemented with 15% fetal bovine serum
(Invitrogen), 100 U/100 mg/mL penicillin/streptomycin (In-
vitrogen), sodium heparin (10 mg/mL), and basic fibroblast
growth factor (2.5 ng/mL). Cells were used in passage 3. To
assess the tube-forming ability of the HDMEC, cells were
subjected to proangiogenic conditions.25 Cells were seeded
on the gelatin-coated 24-well plate at a density of 5 · 104

cells/well and allowed to grow to confluency for 24–48 h.
Confluent EC were then coated with 300mL of neutralized
collagen type I (First Link) and monitored using a phase-
contrast microscope.

Human osteoblasts and fibroblasts

Primary human osteoblasts (HOS) were isolated as de-
scribed previously.25 HOS were harvested exclusively from

excess bone tissue obtained during the contouring proce-
dures of iliac crest bone transplant operations for use in
extensive reconstruction procedures of the facial skeleton.
Bone cells were processed strictly anonymously, without
recording patient-related data, in accordance with the local
ethical regulations. Human dermal fibroblasts (HDF) were
isolated from juvenile foreskin as a negative fraction of cells
following extraction of endothelial cells. Both cell types
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) 1000 mg/L d-glucose (Sigma-Aldrich), supple-
mented 10% fetal bovine serum (Invitrogen), 2 mM gluta-
max I (Life Technologies), 100 U/100 mg/mL penicillin/
streptomycin, and used between passages 4 and 10. At least
two donors of both cell types were used in this study.

Collagen gel preparation

Acid-soluble collagen type I (rat-tail, 2.2 mg/mL; First-
Link) was neutralized by mixing with 10 · MEM and addition
of 1 M NaOH dropwise until a change in color from yellow to
pink. After neutralization, the mixture was allowed to rest on
ice for 30 min to remove trapped air bubbles. Fibroblasts or
osteoblasts were added in suspension in a serum-free DMEM;
the cell-free DMEM was added to the acellular collagen so-
lution and gently mixed to avoid bubbles.

The collagen solution was either mixed with human
foreskin fibroblasts (HFF) and HOS (2.5 · 105 cells/mL) or
cast without the cells (acellular PC constructs). Gels were
cast at 1.5 mL initial volume, 7.5 mm height, and 200.96 mm2

surface area.

Plastic compression

PC was performed using a modified protocol.29 Briefly,
standard tissue culture 24-well plates (well diameter 16 mm;
TPP) were used as gel casting mold. The fluid-removing
elements consisted of a spirally wound roll of Whatman
chromatography paper (d = 15 mm) and two discs of What-
man filter paper (Whatman), cut to the size of the well to
rest on the collagen gel. Each roll was 87 cm in length, 4 cm
in height (as supplied by the manufacturer), and 15 mm in
diameter. To provide compressive load together with cap-
illary action to drive fluid flow from the collagen gel, each
gel was subjected to 29 g of initial load, resting on the
surface, and compressed for 15 min (Fig. 1). After com-
pression, liquid-containing paper rolls were removed, leav-
ing the constructs containing HFF/HOS or acellular, in their
respective wells, ready for culture.

HDMEC (5 · 104 cells/well) were added to the constructs
in 0.5 mL of medium. After 2 h, the total medium volume
was brought to 1 mL. Constructs were cultured for 3 weeks
with media changes every other day. The medium was
collected at various time points and used for biochemical
analysis. At the end of the culture period, samples were
fixed and processed for routine histology and immunofluo-
rescent staining. All experiments were carried out with at
least two donors of HDMEC, HDF, and HOS with n = 3 for
each combination.

2D coculture conditions

It has been shown that coculture of HOS and HDMEC
results in the formation of microcapillary-like structures in
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2D.25 This 2D coculture system was used to determine the
effect of PC collagen on the angiogenic behavior of
HDMEC. HDMEC and HOS or HFF were cocultured fol-
lowing an established protocol.25 Briefly, HDMEC and HOS
or HFF were seeded at a 5:1 ratio in gelatin-coated 24-well
plates (TPP). Cocultures were overlaid with PC collagen
after 1 day. Overlay with uncompressed neutralized collagen
(300mL/well; First Link) and without overlay were used as
control. The morphology of HDMEC was assessed after 3
weeks in coculture by fluorescent microscopy (Leica).

Assessment of endothelial cell viability

To assess the viability of HDMEC on PC collagen,
monoculture constructs were incubated in a medium con-
taining Calcein AM and ethidium homodimer (live/dead
assay; Invitrogen) after 24 h and 7 days postassembly. After
a 30-min incubation, constructs were washed in phosphate-
buffered saline (PBS) and visualized using a confocal mi-
croscope (Leica).

Analysis of PECAM-1 expression
by the endothelial cells

After 3 weeks in culture, samples were fixed in parafor-
maldehyde for 15 min at room temperature, washed three
times with PBS, and then permeabilized with 0.5% Triton
X-100 for 10 min.25 A primary monoclonal antibody (PE-
CAM-1, 1:50 in 1% bovine serum albumin [BSA]/PBS) was
applied overnight at 4�C. After washing with PBS, samples
were incubated with Alexa Fluor 488 goat anti-mouse
(1:1000 in 1% PBS/BSA) and TRITC-conjugated anti-
phalloidin antibodies (1:40 in 1% PBS/BSA) for 2 h at room
temperature in the dark. After washing with PBS, nuclei
were counterstained with 4¢,6-diamidino-2-phenylindole
(DAPI) in PBS for 5 min and samples examined by confocal
microscopy (Leica).

Histological assessment of PC constructs

Fixed samples were embedded in paraffin according to
standard methods and sectioned at 7 mm thickness using a
microtome in the transverse plane. Samples were halved
before placing into the paraffin blocks and sections were
made in the middle of the constructs to avoid possible edge
effects. Six consecutive sections were taken at 200mm in-
tervals over a 600mm depth. Sections were stained with the
PECAM-1 antibody as described above to visualize endo-
thelial cells. Antibodies against collagen type IV (diluted
1:10; Sigma-Aldrich) and laminin (diluted 1:10; Dako) were

used to assess basement membrane deposition. Appropriate
antigen retrieval protocols were used as suggested by the
manufacturer. Sections were incubated with the Alexa Fluor
488 goat anti-mouse (1:1000 in 1% PBS/BSA) antibody;
nuclei were counterstained with DAPI in PBS for 5 min and
samples examined by confocal microscopy (Leica).

SEM imaging

Samples for scanning electron microscopy (SEM) were
dried after the fixation step and contrasted with osmium
tetroxide (Sigma-Aldrich). The samples were transferred to
a carbon-coated metal plate, sputtered with gold, and ana-
lyzed with a scanning electron microscope (DSM 962;
Zeiss) using 10 kV voltage.

Vascular endothelial growth factor quantification

The supernatants of cocultures and monocultures were
collected at various time points and stored at - 20�C. For
each time point, three samples were taken and the vascular
endothelial growth factor (VEGF) was quantified by an
enzyme-linked immunosorbent assay using the human
VEGF DuoSet (R&D Systems) according to the manufac-
turer’s protocol. The culture medium was used as blank.
Data are presented as mean value in pg/mL – SD.

Statistical analysis

Analysis of VEGF expression was performed using one-
way ANOVA with Tukey’s post hoc test (GraphPrism 5).
Differences were considered significant when p < 0.05. Data
are presented as mean – SD.

Results

Multiwell PC resulted in fabrication of multiple con-
structs within 15 min of compression. The constructs re-
mained in the corresponding wells of the plate and were
easy to handle. The diameter of the cellular constructs did
not change after long-term culture (3 weeks) compared with
time 0 and remained 16 mm throughout the culture period
(Fig. 2A). An SEM examination of the gel construct surface
showed high density of interwoven collagen fibers (Fig. 2B).
The average thickness of PC constructs, measured from
histological images, was 122 – 7mm for acellular and 136 – 12
for cellular (both cell types).

To assess the effect of compressed and uncompressed
collagen on the angiogenic behavior of HDMEC, a previ-
ously reported coculture system, resulting in the formation

FIG. 1. Schematic illustration
of the plastic compression (PC)
process. Neutralized collagen was
added to wells of a standard
24-well plate and allowed to set at
37�C. Following gelation, absorb-
ing plungers were placed on top of
each gel and a load was applied for
15 min. Resulting collagen con-
structs were ready for culture.
Color images available online at
www.liebertpub.com/tea
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of microcapillary-like structures by endothelial cells in the
presence of osteoblasts,25 was used. On plastic and other
2D and 3D biocompatible surfaces, endothelial cells in the
presence of osteoblasts migrate to form capillary-like struc-
tures. A coculture of these cells on plastic, to which a PC
collagen overlay was added, did not show major differences
(Fig. 3A) from cultures overlaid with collagen hydrogel
(noncompressed) or without overlay (Fig. 3B, C). Thus,
the PC collagen had no negative effect on the ability of
HDMEC to migrate to form microcapillaries.

To determine the effects of compression of collagen
compared with uncompressed collagen on endothelial cells,
HDMEC were incorporated into the collagen before com-
pression or added to the top of the PC collagen. Viability of
the HDMEC on the surface of the PC collagen constructs
after 24 h and 7 days postseeding was confirmed by live/
dead staining. Cells were able to attach to the surface of the
constructs and reached confluency within 24 h. HDMEC
retained characteristic cobblestone morphology throughout
the culture period and were present on the constructs after
21 days in culture. Immunostaining showed that HDMEC
expressed a typical staining pattern for the endothelial cell
marker PECAM-1 at the cell–cell borders (Fig. 4A). SEM
image in Figure 4B shows endothelial cells adherent to the
fibrillar surface of the PC construct. A histological evalua-

tion confirmed the presence of a cellular monolayer on one
surface of the PC collagen construct with evenly distributed
cell nuclei (Fig. 4C). There were no signs of single-cell
invasion of the acellular dense matrix by the HDMEC or the
formation of capillary-like structures. Expression of the
basal membrane proteins laminin and collagen IV was
demonstrated by immunostaining (Fig. 4D, E). Interestingly,
HDMEC did not survive or grow when embedded within the
PC collagen (data not shown).

In coculture with HFF or HOS in a PC collagen construct,
HDMEC again did not survive (data not shown). However,
we found that HDMEC seeded onto the PC constructs
containing HFF or HOS were able to attach and grow to
confluency. After 3 weeks in culture, the HDMEC formed
an extensive branching network of microcapillary-like
structures over the surface of the constructs containing ei-
ther the HFF or HOS as detected by the expression of the
endothelial cell marker PECAM-1 (Fig. 5A, B). In addition,
SEM images confirmed the histological findings showing
complex 3D microcapillary-like structures on the surface of
constructs containing HFF and HOS (Fig. 5C, D).

Histological evaluation revealed a typical tissue-like
structure of the constructs with HFF and HOS14,30 (Fig. 6a,
A). PECAM-1-positive cells were mostly confined to the
surface of the cellular (for both HFF and HOS) constructs

FIG. 2. Morphology of the construct prepared using multiwell PC of collagen. (A) Gross appearance of the human
foreskin fibroblast (HFF)-seeded PC construct after 3 weeks in culture. Note lack of deformation; (B) scanning electron
microscopy (SEM) image of the dense, fibrillar surface of the acellular PC construct. Scale bar = 20mm. Color images
available online at www.liebertpub.com/tea

FIG. 3. Representative images of human dermal microvascular endothelial cells (HDMEC) and human osteoblasts (HOS)
cocultures on tissue culture plastic, overlaid with PC collagen (A), uncompressed collagen gel (B), or without overlay (C)
after 3 weeks in culture. Addition of PC collagen to the coculture did not change proangiogenic behavior of the HDMEC.
Endothelial cells were stained with endothelial cell marker PECAM-1. Scale bar = 200 mm. Color images available online at
www.liebertpub.com/tea
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FIG. 4. (A) Morphology of the HDMEC cultured on PC collagen constructs after 3 weeks in culture. Endothelial cells
adhere to the PC collagen and retain characteristic cobblestone morphology with expression of endothelial cell marker
PECAM-1 between cell–cell contacts (nuclei counterstained with 4¢,6-diamidino-2-phenylindole [DAPI]). (B) SEM im-
aging of HDMEC on the PC constructs showed cells (arrows) adherent to the fibrillar collagen surface. (C) Histological
examination of the PC constructs revealed a monolayer of adherent endothelial cells. (D, E) HDMEC stained positively for
expression of basement membrane proteins laminin (D) and collagen type IV (E). Arrows indicate endothelial cells on the
images.

FIG. 5. Morphology of the
HDMEC cultured on the
surface of the PC constructs
that contained HFF (left
panel) or HOS (right panel)
after 3 weeks in culture.
HDMEC cultured on the PC
collagen constructs in which
HFF or HOS included during
gelation and compression
exhibited proangiogenic be-
havior as visualized by ex-
pression of the endothelial
cell marker PECAM-1 (A,
B). SEM images showed
three-dimensional micro-
capillary-like structures on
the surface of the constructs
(C, D). Double arrow indi-
cates PC collagen scaffold.
White arrows indicate mi-
crocapillary-like structures.
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and in some cases showing luminal structures formed by
multiple endothelial cells (Fig. 6a, B).

In some cases, endothelial cells exhibited signs of inva-
sion of the matrix by the microcapillary-like structures
(Fig. 6b-A, B). Moreover, the endothelial cells lining these
lumina expressed both laminin and collagen type IV
(Fig. 6b-C, D). No single HDMEC were found in the matrix
in these cocultures.

The levels of VEGF expression in the medium of co-
cultured cells revealed no detectable levels of the protein in
the supernatant from HDMEC cocultures with either HFF or
HOS in the PC collagen at the time points investigated (Fig.
7). By contrast, the medium of HFF- or HOS-containing PC
constructs had clearly measurable levels of VEGF, which
varied with time in culture. Thus, levels of VEGF detected
in the medium increased significantly from day 3 to 14 in
monocultures of both HFF and HOS.

Discussion

PC of collagen gels allows a rapid and controlled fabri-
cation of collagen constructs in vitro that closely mimic the
structure and characteristics of mature tissues in vivo. These
constructs have been shown to support the growth, repli-
cation, and normal phenotypic expression of a number of
different human organ- or tissue-specific cell types. How-
ever, it was not known how endothelial cells that make up
the microvasculature react to this material. The results from
our studies have shown that endothelial cells in contrast to
other cell types do not survive compression in the collagen.
However, endothelial cells were able to attach and prolif-
erate on the surface and expressed a normal cell phenotype.
Alone on the PC collagen, cells did not form microcapillary-
like structures, but when human fibroblasts or osteoblasts
were included in the PC collagen, the endothelial cells

FIG. 6. (a) Histological
images of the HDMEC cul-
tured on PC constructs con-
taining HFF after 3 weeks in
culture. Endothelial cells
formed luminal structures on
the surface of cell-containing
PC constructs (A, black
square). Endothelial origin of
these structures was confirmed
by expression of the endothe-
lial cell marker PECAM-1 (B,
white square). Solid arrows
indicate endothelial cells,
dashed arrows point at the
HFF, embedded in the PC
collagen. (b) Images of the
HDMEC cultured on PC
constructs containing HOS
after 3 weeks in culture. En-
dothelial cells invaded the PC
matrix and formed luminal
structures in the cell-contain-
ing PC construct (A, black
square). Endothelial origin of
these structures was confirmed
by expression of the endothe-
lial cell marker PECAM-1 (B,
white square). Endothelial
cells expressed basement
membrane proteins laminin
(C) and collagen IV (D) both
on the surface (arrows) and in
the PC collagen (white
squares) containing HOS.
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added to the surface of the collagen migrated to form
microcapillary-like structures, including a lumen, which with
time began to migrate into the PC collagen.

A major advantage of this in vitro model is that it allows
an analysis of EC interaction with engineered in vivo-like
tissues as well as being of possible application in targeting
bone and soft tissue regeneration. Importantly, attempts to
make such coculture models without collagen compression
are impractical and hard to interpret due to inherent cell
contraction of the soft, overhydrated collagen. In vitro
models are a simple and convenient way to study cell–cell
and cell–biomaterial interactions under a controlled and
defined environment.31 Understanding the mechanisms of
these processes allows changing the design of a biomate-
rial so that the desired biological function can be achieved.
Angiogenesis (sprouting of new blood vessels from the
pre-existing microcirculation in the peri-implant tissue)
represents the most central element in the process of implant
integration.32 MEC are the main cell type responsible for
successful vascularization and hence survival of the engineered
tissue.24 Therefore, this study focused on the behavior of the
MEC in contact with PC collagen and encompassed in-
vestigation of the viability, morphology, and growth factor
production.

A major challenge was to design the culture system so
that it reflected the in vivo situation. Previous studies in-
vestigated morphological changes of HUVEC in the PC
collagen in response to coculture with human dermal fi-
broblasts.33 It was shown that HUVEC formed clusters and
migrated toward fibroblasts over a 2-week culture period.
However, in our preliminary experiments, we observed that
human MEC do not form microcapillary-like structures and
remained as single cells when embedded in PC collagen
gels. In addition, no obvious proliferation was observable.
This discrepancy may be attributed to the different origin
and function of these endothelial cells in vivo and in vitro.34

Since MEC are the more biologically relevant cell type to be
in contact with the biomaterial upon implantation, these
cells were chosen for evaluation in the present study.

Surface seeding of the MEC on the biomaterials, in-
cluding collagen, has been used and well documented in
other studies.35–38 Therefore, this mode of cell seeding
was evaluated in the current study on the PC collagen gels.
To assess the phenotype and differentiation of endothelial
cells, the expression of several markers was monitored.
PECAM-1 regulates the homotypic adhesion of ECs and is
involved in inflammatory processes in which ECs bind to
leukocytes during emigration into the perivascular space.39

The lack of PECAM-1 expression affects endothelial
cell–cell and cell–matrix interactions, thus influencing en-
dothelial cell migration and angiogenic behavior.40 En-
dothelial cells in vivo reside on a basement membrane,
which separates the differentiated endothelium from sur-
rounding tissue. In the present study, we assessed the ex-
pression of collagen type IV and laminin, which are the
main constituents of BM in vivo and hallmarks of mature
endothelium.41

In this study, a modified method of generating PC, which
is suitable for an in vitro setup, was used.29 Simultaneous
compression of multiple constructs greatly reduces vari-
ability and increases the speed of construct assembly. It has
been shown previously that this mode of compression does
not change the morphology of the PC collagen scaffolds and
they retain their main characteristics, including viability of
the cells in the matrix.42

MEC seeded on the acellular PC collagen were able to
survive and proliferate. After 3 weeks in culture, cells ex-
hibited typical cobblestone morphology and expressed
PECAM-1 at the cell–cell interfaces. We did not find any
evidence of cell migration into the matrix under these
conditions, even after long-term culture. This can be at-
tributed to several factors such as the density of the PC
collagen (12–17%) and standard culture conditions without
the addition of proangiogenic factors, such as VEGF. It has
been shown previously that, human umbilical vein endo-
thelial cells seeded on the surface of 0.2% collagen type I
gels invade the gels within 72 h when cultured in the pres-
ence of VEGF in the medium.43 Cross et al. demonstrated
limited invasion of HUVEC into 2% collagen gels over 21
days in vitro under the same conditions.44 It has been shown
that vascularization of acellular PC constructs in vivo is
delayed and the number of vessels was significantly lower
compared with cellular constructs.20,22,45 Since endothelial
cells alone do not migrate into the matrix in our sys-
tem, addition of exogenous growth factors or studies with
other cell types might activate proteolytic enzymes. Further
studies are needed to determine conditions for micro-
capillary invasion of the PC constructs.

Importantly, endothelial cells were able to survive on the
PC collagen for 3 weeks, whereas these cells typically de-
tach when cultured on tissue culture plastic without pas-
saging after 7–10 days when confluency is reached.25 It is
known that endothelial cell survival is dependent on their
ability to attach to the biomaterial.46 These results may have
important implications for the use of PC collagen for arti-
ficial vessel engineering, where endothelial cells lining the
vessel lumen need to withstand shear stress from blood flow.
It is possible that PC collagen presents more cell-attachment
sites compared with the hydrated gels. Further studies are
needed into gene expression and morphological changes by
these cells on both substrata.

FIG. 7. Levels of vascular endothelial growth factor
(VEGF) measured by enzyme-linked immunosorbent assay
in the media of monocultures and cocultures of HDMEC,
HFF, and HOS at days 3, 7, and 14. Data are presented as
mean value – standard error of the mean. Asterisk indicates
significant differences within the group compared to day 14;
double asterisks indicate significant differences between the
groups, p < 0.05.
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Recreating tissue complexity in vitro is important for un-
raveling biomolecular interactions between heterotypic cell
types. The development of such models is even more im-
portant for biomaterial engineering to predict the implant
performance in vivo.47 An advanced model of angiogenesis
has been described by our group and showed that MEC form
microcapillary-like structures in coculture with osteoblasts25

in the absence of exogenously added angiogenic factors. This
model system has already been used to evaluate biocompat-
ibility, and the proangiogenic behavior of several biomateri-
als proposed for bone tissue engineering25,26 in vitro has been
validated in in vivo studies and may be useful as a pre-
vascularization strategy for biomaterials before implanta-
tion.48 In the present study, we were able to demonstrate that
application of PC collagen to that system does not hinder
microcapillary-like structure formation on tissue culture plastic.

The main hallmark of PC is compatibility with living
cells included in the matrix before compression, including
osteoblasts and dermal fibroblasts.14,15,28,49 It has been
shown that direct coculture of both osteoblasts and fibroblasts
with endothelial cells induces proangiogenic differentiation
of the latter. Proangiogenic behavior of the endothelial cells
has been attributed to the paracrine interactions between
cocultured cell types.50,51 In this study, we show that HDMEC
cocultured on PC collagen seeded with osteoblasts or fi-
broblasts exhibited proangiogenic behavior, forming mi-
crovessel-like structures without the addition of exogenous
growth factors. These microcapillary-like structures con-
tained lumina (confirmed by SEM) and exhibited complex,
branched morphology shown by immunofluorescent stain-
ing with PECAM-1 and confirmed by SEM.

Endothelial cells in coculture were able to deposit the
basement membrane proteins, laminin and collagen type IV,
thus exhibiting signs of mature endothelium.

Surprisingly, PECAM-positive luminar structures were
found within the dense collagen matrix, indicating cell mi-
gration toward the source of proangiogenic signaling. These
structures were also surrounded by basement membrane
proteins. It has been shown previously that complex cross
talk takes place between osteoblasts and HDMEC co-
cultured on starch-based porous biomaterial,26 with changes
in expression of several important genes. It is possible that
similar cell–cell interactions are taking place in the model
described in this study, as demonstrated by the differences
in detectable VEGF level expression, possibly simulating
the process of angiogenesis in vivo. In vivo, endothelial cells
degrade the basement membrane in response to signaling
from hypoxic tissue and migrate toward the signaling
cells.41 It is known that bone marrow stromal cells and
dermal fibroblasts in PC collagen upregulate gene and pro-
tein expression of VEGF in vitro52 and stimulate angio-
genesis in vivo.33 Endothelial cells have also been shown to
express membrane-associated type I transmembrane MMP
to invade collagen hydrogels.41 Further studies are required
to investigate the precise mechanisms and factors regulating
such invasive behavior of HDMEC on PC. However, our
initial studies with PC and cocultured cells have yielded
data in vitro, which are in full agreement with the in vivo
results demonstrating that cellular PC constructs on im-
plantation led to faster vascularization of the construct with
a larger number of vessels found in the collagen matrix
compared with acellular controls.31

PC collagen is a versatile material in which cell type and
seeding numbers, collagen density and composition can be
constantly adjusted depending on the proposed application.
Recently, PC collagen scaffolds have been combined with
poly(e-caprolactone) (PCL)-knitted mesh,53 poly(lactic
acid-co-caprolactone) (PLACL) and electrospun silk fibro-
in,54,55 orientated focal crosslinking using riboflavin,56 and
hyaluronan.57 In this study, we established a base line for
future studies of endothelial cell interactions with PC col-
lagen scaffolds. The in vitro model reported in this study
could be used to assess the angiogenic potential of these
composite biomaterials and to analyze complex cell culture
model systems representing tissue in a defined environment.
An important practical finding was the absence of contrac-
tion of the collagen gel, even after a 3-week coculture with
human fibroblasts. This behavior of the compressed collagen
gel could be a breakthrough for soft tissue regeneration, as
conventional highly hydrated gels show marked contraction
under such conditions and are therefore unsuitable for
clinical translation.
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