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Abstract

The establishment of a functional vasculature is as yet an unrealized milestone in bone reconstruction therapy. For this study, fiber-

mesh scaffolds obtained from a blend of starch and poly(caprolactone) (SPCL), that have previously been shown to be an excellent

material for the proliferation and differentiation of bone marrow cells and thereby represent great potential as constructs for bone

regeneration, were examined for endothelial cell (EC) compatibility. To be successfully applied in vivo, this tissue engineered construct

should also be able to support the growth of ECs in order to facilitate vascularization and therefore assure the viability of the construct

upon implantation. The main goal of this study was to examine the interactions between ECs and SPCL fiber meshes. Primary cultures of

HUVEC cells were selected as a model of macrovascular cells and the cell line HPMEC-ST1.6R as a model for microvascular ECs.

Both macro- and microvascular ECs adhered to SPCL fiber-mesh scaffolds and grew to cover much of the available surface area of the

scaffold. In addition, ECs growing on the SPCL fibers exhibited a typical morphology, maintained important functional properties, such

as the expression of the intercellular junction proteins, PECAM-1 and VE-cadherin, the expression of the most typical endothelial

marker vWF and sensitivity to pro-inflammatory stimuli, as shown by induction of the expression of cell adhesion molecules (CAMs) by

lipopolysaccharide (LPS). These data indicate that ECs growing on SPCL fiber-mesh scaffolds maintain a normal expression of EC-

specific genes/proteins, indicating a cell compatibility and potential suitability of these scaffolds for the vascularization process in bone

tissue engineering in vivo.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

A critical obstacle in tissue engineering approaches based
on the in vitro culture of cell-scaffold constructs prior to
implantation is the ability to maintain large masses of
living cells upon transfer from the in vitro culture
conditions into the host [1]. In vivo most cells are no more
than 100 mm away from the nearest capillary, which serves
to supply oxygen and nutrients, remove waste products and
e front matter r 2006 Elsevier Ltd. All rights reserved.
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transport biochemical signals [2]. Insufficient vasculariza-
tion results in hypoxic cell death of engineered tissues [3]
and consequently in implant failure [4]. Considering that
the infiltration of blood vessels into a macroporous
scaffold is a process that occurs at a rate of o1mm per
day and that it typically takes 1–2 weeks for the vascular
structure to complete the penetration into relatively thin
(3mm thick) scaffolds [1], the need for the development of
new approaches to increase the rate or augment vascular-
ization is evident.
In the particular case of bone grafts, the lack of a

successful blood supply is implicated as one of the major
factors responsible for implant failure. In bone, angiogen-
esis is a fundamental process for both osseous formation
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and repair [3]. Thus, for example, in intramembranous
bone formation extensive vascularization is observed at the
transition of pre-osteoblasts to osteoblasts [5]. In endo-
chondral bone formation, an avascular cartilage template
is replaced by highly vascularized bone tissue [6]. In the
repair of fractures by callus production the formation of
soft callus is accompanied by strong angiogenic activity [7].
Accordingly, strategies that enhance angiogenesis should
have positive effects on bone repair [3]. Several approaches
have emerged to solve the lack of vascularization in bone
grafts, such as incorporation of angiogenic factors in the
scaffold to stimulate the endogenous angiogenic response
[8–10], deposition of an angiogenic extracellular matrix on
the surface of the implant by a tumorigenic cell line [11,12],
vector delivery of genes encoding angiogenic factors
[13–15], bulk culturing of endothelial cells (ECs) as a
homogenous population [13] or combined with osteoblasts
[16]. These approaches all have in common the focus on
ECs because these are the primary cells making up the
vasculature.

Previous studies [17,18] have demonstrated that fiber
meshes obtained from a blend of starch and polycapro-
lactone (SPCL) constitute an excellent scaffolding material
for rat bone marrow stromal cells, allowing for their
proliferation and differentiation into osteoblasts. Bioreac-
tor studies have also shown the expression of an array of
bone growth factors by marrow stromal cells growing on
SPCL fiber-mesh scaffolds [19]. However, for a bone cell-
scaffold construct to be successful after implantation it
should also elicit an adequate response of ECs. The scope
of this work was to examine the ability of SPCL fiber
meshes, a scaffold for bone repair, to serve as an
appropriate substrate for ECs. For this purpose two types
of ECs, human umbilical vein endothelial cell (HUVEC)
and HPMEC-ST1, were cultured with SPCL fiber-mesh
scaffolds and several functional and structural features of
cells were analyzed such as viability, morphology, expres-
sion of EC markers and EC responsiveness to a pro-
inflammatory stimulus.

2. Materials and methods

2.1. Scaffolds

The fiber-mesh scaffolds used in this study were based on SPLC (a

polymeric blend of corn starch with polycaprolactone, 30/70wt%) and

were obtained by a fiber bonding process, as described elsewhere [20]. The

fiber-mesh scaffolds had a porosity of about 75% and for these

experiments were cut into discs of approximately 8mm diameter and

2mm height. The scaffolds were sterilized by ethylene oxide and prior to

cell seeding were immersed overnight in serum-free culture medium.

2.2. Cells and culture conditions

In this study, primary cultures of human ECs derived from umbilical

vein (HUVEC) and the microvascular cell line HPMEC-ST1.6R devel-

oped from human pulmonary microvascular ECs were used. HUVECs

were isolated from umbilical vein by collagenase digestion according to a

published method [21]. HUVECs were cultured in M199 medium (Sigma-
Aldrich, Germany) supplemented with 10% fetal calf serum (FCS; Life

Technologies, Germany), 10% FCS (PAA Laboratories, Germany),

100U/100mg/mL Pen/Strep (Sigma-Aldrich, Germany), 2mM glutamax I

(Life Technologies, Germany), 25mg/mL sodium heparin (Sigma-Aldrich,

Germany) and 25mg/mL endothelial cell growth supplement (ECGS, BD

Biosciences, USA). Cells were used until the fourth passage. The HPMEC-

ST1.6R cell line was generated by transfection and displays the major

constitutively expressed and inducible endothelial phenotypic markers

[22]. HPMEC-ST1.6R was propagated in M199 culture medium

supplemented with 20% FCS (Life Technologies, Germany), 2mM

glutamax I, 100U/100mg/mL Pen/Strep (Sigma-Aldrich, Germany),

50mg/mL sodium heparin, 25 mg/mL ECGS and 50 mg/mL geneticin 418

(Life Technologies, Germany) for selection of transfected cells. Both cells

were cultured until confluence in culture flasks coated with 0.2% gelatin

(Sigma-Aldrich, Germany).

2.3. EC culture on SPCL fiber-mesh scaffolds

SPCL fiber meshes were placed in 48-well plates and coated with 10 mg/
mL fibronectin in PBS (Roche, Germany) for 1 h at 37 1C. A control in

PBS without fibronectin was performed under the same conditions.

Confluent HPMEC-ST1.6R and HUVEC cells were trypsinized and a

suspension of 1.5� 105 HPMEC-ST1.6R cells or 2.5� 105 HUVEC cells

was added per scaffold. The culture plate was placed in the incubator for

2 h and then the cell-seeded SPCL fiber meshes were transferred to a new

24-well plate with 1.5mL of fresh culture medium. Cells from the same

donor grown on cell culture polystyrene were used as controls. The

scaffolds were incubated under standard culture conditions (37 1C, 5%

CO2) for 3 and 7 days.

2.4. EC imaging

The viability and morphology of ECs on SPCL fiber meshes was

assessed, after 3 and 7 days, by confocal laser scanning microscopy

(CLSM) following calcein-AM staining and by scanning electron

microscopy (SEM). For CLSM visualization, SPCL fiber meshes were

incubated in culture medium with 0.1 mM calcein-AM (Molecular Probes,

Netherlands) for 10min. Calcein-AM is a non-fluorescent permeable

compound that once inside viable cells is converted by intracellular

esterases into a fluorescent cell impermeable form. The calcein-AM-

stained scaffold was placed on a microscope slide and observed by CLSM

(Leica TCS NT). In order to examine the growth and morphology of ECs

on SPCL fiber meshes, the samples were treated for SEM observation.

Samples were fixed with 2% glutaraldehyde in 0.1M sodium cacodylate

buffer for 30min, postfixed in 1% osmium tetroxide for 1 h, dehydrated in

increasing concentrations of acetone, critical point dried and sputter

coated with gold prior to SEM observation.

2.5. DNA quantification

The DNA content of each scaffold was measured using the PicoGreen

DNA quantification assay (Molecular Probes). The samples were allowed

to thaw at room temperature (RT) and then were sonicated for roughly

15min. A description of the assay can be found elsewhere [23]. The

number of cells on each scaffold was then calculated by correlation with

the DNA of a known amount of ECs. Results are presented as

means7standard deviation (n ¼ 3).

2.6. Immunostaining of EC markers

The expression and localization of the EC markers PECAM-1, vWF

and E-selectin was assessed by immunocytochemistry. The expression of

PECAM-1 and vWF was assessed after growing HUVECs on SPCL fiber-

mesh scaffolds for 7 days. The E-selectin staining was performed on

HUVECs growing on SPCL fiber-mesh scaffolds and on cell culture

plastic in the presence or absence of lipopolysaccharide (LPS). HUVEC
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cells on the scaffold and on plasticware were rinsed briefly with PBS and

then fixed with 2% paraformaldehyde for 30min. Samples were then

rinsed in PBS and treated with 0.1% Triton for 5min at RT. After

washing with PBS the samples were incubated for 45min at RT with the

primary antibodies: mouse anti-human PECAM-1 (1:50, Dako, Den-

mark), rabbit anti-human vWF (1:8000, Dako, Denmark) and mouse anti-

human E-selectin (1:100, Monosan). Following PBS washing, a second

incubation was performed for 45min at RT with the secondary antibodies:

anti-mouse Alexa Fluor 488 for PECAM and E-selectin staining and anti-

rabbit Alexa Fluor 488 for vWF (Molecular Probes, The Netherlands).

The nuclei were counterstained with 1mg/mL Hoechst in PBS for 5min.

SPCL fiber meshes were then washed with PBS, mounted with Gel/Mount

(Natutec, Germany) and visualized by CLSM (Leica TCS SP2).

2.7. Molecular analysis of pro-inflammatory genes

For assessment of cell adhesion molecules (CAMs) expression on

HUVEC seeded on to SPCL fiber meshes, these samples were cultured in

the presence or absence of 1.0 mg/mL of LPS for 4 h (Sigma-Aldrich,

Germany). HUVEC cells grown on plasticware with and without LPS

were used as controls. The CAMs under analysis were E-selectin, ICAM,

VCAM and the housekeeping gene b-actin was used as internal standard.

Total RNA from HUVEC cells was extracted using the RNeasy Mini Kit

(Qiagen, Germany) according to the manufacturer’s protocol. Afterwards,

the extracted RNA was reverse transcribed into cDNA, (Omniscript RT

Kit, Qiagen) and used for polymerase chain reaction (PCR) analysis.

Equal amounts of cDNA (1 mg), measured by NanoDrop microspectro-

photometer, were amplified by PCR with Taq DNA Polymerase Kit

(Qiagen) and with gene-specific primer sets shown in Table 1. Thirty-five

cycles were used for all genes, each one consisting of 2min of denaturation

at 94 1C, 30 s of annealing (Table 1) and 30 s of chain elongation at 72 1C,

followed by a final 10min extension at 72 1C. Amplification products were

separated by electrophoresis on an agarose gel (0.8%) and stained with

ethidium bromide staining.

3. Results

3.1. Micro- and macrovascular EC adhesion to SPCL fiber-

mesh scaffolds

ECs of micro- (HPMEC-ST1.6R) and macrovascular
(HUVEC) origin were both able to attach and proliferate
on fibronectin-coated SPCL fiber meshes (Fig. 1). How-
ever, in the absence of fibronectin coating, very few cells
adhered, cells remained in a rounded-up shape and with
time, no cells were detected on SPCL fiber meshes (data not
shown). CLSM micrographs showed an increase in the cell
number of HPMEC-ST1.6R (Fig. 1A and C) and HUVEC
Table 1

Amplified genes, specific primer pair sequences and annealing temperature an

Name of gene (GenBank accession no.) Product size (bp) Anneal

b-actin (AB004047) 574 65

E-selectin (NM 000450) 304 62

ICAM (J03132) 395 57

VCAM (X53051) 282 62
(Fig. 1B and D) cells, on the surface of SPCL fiber meshes,
between 3 and 7 days. Also, EC remained viable on SPCL
fiber meshes as shown by their ability to convert calcein-
AM into a green fluorescent compound. To further confirm
that cell numbers increased with time, cell DNA was
isolated and quantified at two different time points, day 3
and 7 after addition of cells. As depicted in Fig. 1E, both
HUVEC and HPMEC-ST1 cell numbers increased with
time. Concerning cell morphology, SEM analysis showed
that both micro- and macrovascular cells spread along the
fibers, exhibited a typical flattened morphology and
established contact with adjacent EC (Fig. 2).

3.2. Immunohistochemistry of EC markers

The expression of the EC markers vWF, PECAM and
VE-cadherin was examined by immunohistochemistry.
Immunostaining data showed vWF in a small dotted
pattern surrounding the nuclei, and represented storage in
Weibel–Palade bodies (Fig. 3A and B). Strong PECAM-1
staining was observed at the cell–cell interface typical of
ECs on cell culture plastic and in vivo (Fig. 4A and B).
Immunostaining of VE-cadherin exhibited labelling at the
intercellular junctions between adjacent EC, similar to cells
grown on cell culture plastic (data not shown). Thus, the
labelling pattern and localization of the EC structural
markers for cells growing on SPCL fiber-mesh materials
exhibited a similar pattern to that observed for HUVEC
cells grown on normal cell culture plastic (data not shown).

3.3. Expression of pro-inflammatory genes

ECs are involved in the inflammatory response in vivo
through the expression of CAMs. These molecules are
expressed by the inflamed endothelium in a sequential
manner and in response to inflammatory stimuli such as
cytokines and endotoxins [24]. Fig. 5 shows the mRNA
expression of genes encoding CAMs of HUVECs grown on
plastic wells and on SPCL fiber meshes, in the absence and
in the presence of the pro-inflammatory stimulus. LPS, an
endotoxin present in the cell wall of Gram-negative
bacteria, was the selected stimulus. HUVEC grown on
plastic wells in the absence of LPS expressed little or no
d product size

ing temperature (1C) Primer pair sequences

50-AGCATTTGCGGTGGACGATGGAG-30

50-GACCTGACTGACTACCTCATGA-30

50-ATCAACATGAGCTGCAGTGG-30

50-AGCTTCCGTCTGATTCAAGG-30

50-TATTCAAACTGCCCTGATGG-30

50-CAGTGCGGCACGAGAAATTGG-30

50-TCTCATTGACTTGCAGCACC-30

50-ACTTGACTGTGATCGGCTTCC-30
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Fig. 1. Confocal micrographs of HPMEC-ST1.6R cells (A, C) and HUVEC (B, D) seeded on fibronectin-coated SPCL fiber meshes stained by calcein-

AM after 3 (A, B) and 7 days of culture (C, D). Magnification (100� ). Number of cells on SPCL fiber-mesh scaffolds after 3 and 7 days of culture based

on DNA quantification (as described in Section 2) (E).
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levels of the CAMs. However, in the presence of LPS an
induction of CAMs expression was observed. Under non-
inflammatory conditions, HUVEC on the SPCL fiber-mesh
scaffold had a low basal expression of ICAM, VCAM and
E-selectin. In response to LPS, the expression of CAMs
increased.

Since RT-PCR analysis examines the RNA of the entire
population and does not give an indication of the gene
expression at the single-cell level, we also carried out an
E-selectin staining of cells growing on the SPCL fiber-mesh
scaffolds in the presence and absence of LPS and compared
the expression to the same cell type growing on normal cell
culture plastic. As depicted in Fig. 6, a few HUVECs
growing on both cell culture plastic and SPCL fiber meshes
exhibited an expression of E-Selectin in the absence of LPS.
We generally observe this for primary ECs in culture and
between 1% and 5% of cells may exhibit expression of E-
selectin in the absence of LPS stimulation (data not
shown). However, after a 4 h stimulation with LPS, a large
number of cells were observed on both materials exhibiting
E-selectin expression (Fig. 6). Thus, ECs grown on the
SPCL fiber meshes exhibited a similar pattern of expression
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Fig. 2. SEM micrographs of HPMEC-ST1.6R (A, C) and HUVEC cells (B, D) on fibronectin-coated SPCL fiber meshes, after 3 (A, B) and 7 days of

culture (C, D).

Fig. 3. Immunofluorescent micrographs of HUVEC cells grown for 1 week on fibronectin-coated SPCL fiber meshes and stained for vWF (green

fluorescence) and with Hoechst for nuclear staining (blue fluorescence).

M.I. Santos et al. / Biomaterials 28 (2007) 240–248244
and induction of E-selectin compared to cells growing on
plastic.

4. Discussion

After implantation of a biomaterial, a neovasculariza-
tion process begins with the formation and outgrowth of
microvasculature from the host tissue. For this reason, the
ability of a tissue engineering scaffold to illicit an
appropriate response from the host ECs is crucial for a
successful vascularization of the implant. We have formerly
described the SPCL fiber-mesh scaffold as a biomaterial for
bone regeneration. Previous work has shown that this is an
excellent scaffolding material for rat bone marrow stromal
cells, allowing for their proliferation and differentiation
into osteoblasts [17]. A successful implant not only requires
the growth and function of the cells for a functioning tissue
or organ replacement but also needs an intact vasculature
to supply these cells with oxygen and nutrients and also to
remove metabolites. Therefore, in this study, the growth,
morphology and gene expression of human ECs on the
SPCL fiber-mesh scaffolds were examined. HUVEC and
the human microvascular EC line, HPMEC-ST1.6R, were
used to assess EC interaction with the biomaterial since
these cells maintain the EC phenotype in vitro and have
been validated on many biomaterials [25–27].
Calcein-AM staining (Fig. 1) and SEM analysis (Fig. 2)

of HPMEC-ST1 and HUVEC cells on SPCL fiber meshes
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Fig. 5. PCR analysis of the genes that encode CAMs on HUVEC cells

grown on SPCL fiber meshes for 7 days. CAM expression was assessed in

the absence and presence of pro-inflammatory stimulus (LPS 1.0mg/m for

4 h). b-actin was the selected housekeeping gene.

Fig. 4. Immunofluorescent micrographs of HUVEC cells grown for 1 week on fibronectin-coated SPCL fiber meshes and stained for PECAM-1 (green

fluorescence) and with Hoechst for nuclear staining (blue fluorescence).
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showed that with time these cells covered much of the
available surface area of the fiber meshes. Cells grew to
various depths in the fiber meshes and were also observed
on the side opposite to that to which the cells were added
(data not shown). An increase in cell number measured by
DNA quantification was also observed for both cell types
between day 3 and 7 (Fig. 1E). In addition, cells remained
viable and retained the typical flattened morphology for
the tested periods. However, this behavior was only shown
on fibronectin-coated fiber meshes. This is not a surprising
result, since it has been extensively reported in the literature
[28,29] that ECs show little adhesion and no proliferation
on several kind of materials without prior coating with
some form of extracellular matrix. Considering the
relevance of the interactions of EC with extracellular
matrix molecules for cell adhesion and proliferation
[30,31], a common way to improve this behavior is
accomplished by coating the material with cell adhesion
proteins, such as fibronectin, prior to the cell seeding.
Plasma treatment of the surface of SPCL fiber-mesh
scaffold may also be a way to improve the adhesion of
ECs without requiring the addition of extracellular matrix
molecules [32] and we are currently examining this
possibility. In addition to depending on the tight adhesion
of the cells to the underlying basement membrane, the
integrity of the endothelial layer is also strongly dependent
on the junctions established between adjacent EC [33].
Such cell–cell adhesion is also crucial for vessels to sprout
and the elongation process is mediated by a distinct series
of cell surface receptors that includes PECAM-1 and VE-
cadherin [34]. PECAM-1, or platelet endothelial cell
adhesion molecule-1, occurs on the EC membrane, close
to the intercellular junctions, and regulates the adhesion of
ECs to other cells of the same type and to leukocytes [35].
VE-cadherin is an adhesion molecule that mediates cell–cell
contact between ECs and plays a relevant role in the
maintenance of vascular integrity [36]. Immunocytochem-
ical data revealed the typical localization of the EC
markers vWF around the nuclei and PECAM-1 and VE-
cadherin at the intercellular junctions between adjacent
cells (Figs. 3 and 4). The maintenance of the expression of
PECAM-1, VE-cadherin and vWF, by HUVEC cells on
SPCL fiber meshes is a good indicator of the interactions
between EC and SPCL fiber meshes.
In addition to participating in angiogenesis, ECs also

play an important role in the inflammatory response.
During the inflammatory response to endotoxins or
cytokines, a cross-talk between the endothelium and
immune cells occurs resulting in the up-regulation of
CAMs. These molecules are expressed on the inflamed
endothelium in a sequential manner. These cells are
involved in the steps leading to the adherence of circulating
leukocytes from the blood flow and in their transmigration
to the inflammatory focus. Thus, for example, E-selectin
induces a prolonged contact between circulating
leukocytes, resulting in a decelerated rolling along the
endothelium [24]. VCAM-1 favors the adhesion and
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Fig. 6. Immunofluorescent images of E-selectin-stained HUVEC cells grown on fibronectin-coated SPCL fiber meshes (A and C) and on cell culture

plastic (B and D) with and without LPS for 4 h. A and B correspond to cells grown in the absence of LPS and C and D in its presence.
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transendothelial migration especially of lymphocytes where
they find the specific ligand [35]. ICAM-1 is constitutively
expressed at a low level on EC and during inflammation is
up-regulated several fold to facilitate EC–leukocyte adhe-
sion, especially neutrophils and monocytes [37,38]. In
contrast, E-selectin and VCAM are not usually expressed
under physiological conditions, indicating that they require
induction, a process involving de novo mRNA synthesis,
resulting ultimately in the expression of the gene product,
which then appears on the EC plasma membrane [38].
Analysis of expression of CAMs by RT-PCR and
immunofluorescent staining of HUVEC cells grown on
SPCL fiber meshes compared with HUVEC cells on plastic
provided information regarding the ability of these cells to
participate in the inflammatory response through the
expression of CAMs in response to pro-inflammatory
stimulus (Figs. 5 and 6). HUVEC cells growing on plastic
wells were used as control and RT-PCR analysis of their
mRNA revealed that little or none of the analyzed CAMs
was expressed in unstimulated cells. In the presence of LPS
the cells responded by rapidly inducing the synthesis of
mRNA of ICAM, VCAM and E-selectin. The intensity of
the bands for the three CAMs was higher than that
detected in the absence of LPS. A similar result was
observed by HUVEC growing on SPCL fiber meshes in the
presence and absence of LPS. Little or no expression of
E-selectin, VCAM and ICAM by HUVEC cells was
observed in the absence of LPS, and in the presence of
LPS, a clear increase was observed. This indicates that
growth on SPCL fiber meshes does not affect the expression
of the inflammatory genes, but after an inflammatory-
stimulating event, a normal induction of gene expression
occurs. This was also confirmed through the immunofluor-
escent staining of the cells for E-selectin. Under non-
inflammatory conditions, only a few cells exhibited E-
selectin staining. Upon LPS-stimulation, most of the cells
exhibited some degree of E-selectin expression. Interestingly,
the few cells expressing E-selectin in the absence of LPS also
confirmed the results observed in the RT-PCR analysis
(slight bands for E-selectin in the unstimulated cells, Fig. 5).
We routinely see that up to 5% of freshly isolated human
ECs may express CAMs (unpublished data). However, in all
cases, after the addition of LPS, an increase in the
expression of CAMs was observed, indicating normal cell
behavior when growing on the SPCL fiber meshes.

5. Conclusion

It was found that endothelial cells (ECs) from both
macro- and microvascular origin adhered to SPCL fiber
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meshes and grew over much of the surface area of the
scaffold, with cell viability being maintained up to at least 7
days after addition to the scaffold. Moreover, SPCL fiber-
mesh scaffolds supported the maintenance of EC morpho-
logical structure. Important functions such as endothelial
integrity were maintained as shown by the expression of the
endothelial intercellular junction proteins, PECAM-1 and
VE-cadherin. The expression of the most typical endothe-
lial marker vWF was also detected at single-cell level.
Furthermore, ECs cultures onto SPCL fiber meshes were
sensitive to a pro-inflammatory stimulus as was shown by
the enhancement in the expression of CAMs induced by
LPS. The results obtained demonstrate that SPCL fiber
meshes are an excellent substrate for the growth of human
ECs required for the vascularization process. Our findings,
coupled with those previously reported for bone marrow
cells, suggest that SPCL fiber meshes may have a potential
for use as a scaffold material for bone tissue engineering
applications.
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