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Microvascular endothelial cell spreading and
proliferation on nanoﬁbrous scaﬀolds by polymer
blends with enhanced wettability
Maria Moﬀa,*ab Alessandro Polini,†c Anna Giovanna Sciancalepore,a
Luana Persano,ac Elisa Mele,‡a Laura Gioia Passione,ab Giovanni Potentecd
and Dario Pisignano*abc
The objective of this study is elucidating the mechanisms by which the wettability of nanoﬁbrous
electrospun mats varies in polymer blends, and highlighting how this can play a pivotal role in
enhancing the viability of cultured microvascular endothelial cells (EC). A functional microvascular
network is essential for supplying bioengineered tissues with oxygen and nutrients while removing
metabolic wastes. An in vitro pre-vascularization strategy consists of seeding EC on scaﬀolds, which in
turn promotes cells inﬁltration, adhesion and functionality. We use electrospun poly-L-lactic acid (PLLA)
and gelatin (Gel) as prototype materials for realizing nanoﬁbrous scaﬀolds as bioartiﬁcial architectures
to improve the proliferation and the functionality of human microvascular ECs (HMEC-1). HMEC-1
seeded on electrospun scaﬀolds adhere, remain viable, proliferate and positively express the endothelial
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cell marker CD31 particularly on blend PLLA/Gel ﬁbers, which exhibit wettability enhanced with respect
to both the constituent polymers, and are therefore especially promising constructs for promoting the
formation of functional endothelial tissue. The wettability characteristics of the blend polymer ﬁbrous
scaﬀolds are modeled and discussed. These results can be valuable for the future design of pre-
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vascularized scaﬀolds with enhanced wettability properties for functional tissue engineered implants,
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with ECs able to form in perspective an eﬀectively functioning vasculature upon implantation.

Introduction
The multidisciplinary eld of tissue engineering has the ultimate aim of repairing and/or replacing damaged tissues or
organs by means of a properly designed combination of functional cells and scaﬀolding biomaterials. The latter have to
support cell anchorage and growth, and to faithfully replicate
the biological and mechanical properties of endogenous extracellular matrix (ECM).1,2 A few critical issues are to be taken into
careful consideration for the achievement of successful regeneration events, including the vascularization of bioengineered
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constructs and the physical properties of the scaﬀold, in order
to mimic the in vivo microenvironment and trigger the specic
tissue morphogenesis.3,4 In addition, an articial implant is
fully functional only if it is connected to the host vascular
system, which is vital to supply nutrients and oxygen, allow
clearance of metabolic waste and maintain tissue homeostasis.5
Vascularization currently remains one of the major challenges
for the therapeutic success of engineered bio-scaﬀolds. Since
the spontaneous growth of the vascular system in a bioarticial
tissue is a slow process, limited to tenths of micrometers per
day, the viability of the construct can be prejudiced in vivo for
diﬀerent weeks aer implantation.5 Consequently, regenerative
medicine has been successfully applied especially to thin or
avascular tissues, such as cartilage and skin, for which the
postimplantation neovascularization from the host is adequate
to provide oxygen and nutrients to the implant.6
A strategy recently proposed for the vascularization of big
tissues and organs is the in vitro pre-vascularization of the
constructs.5,7 This procedure is based on the principle that,
under favorable culture conditions and physical microenvironments, endothelial cells (ECs) spontaneously organize into
capillary-like structures, which anastomose to the host vessels,
supplying the construct with nutrients.8 Pre-vascularization
approaches have been studied for several engineered tissues,
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including bone, kidney, skeletal and cardiac muscle,5 speeding
up the vascularization from weeks to days,9 and enhancing the
survival and the functionality of the scaﬀolds. To succeed in the
pre-vascularization, the availability of appropriate biomaterials,
in terms of surface morphology, stiﬀness and topography, is
fundamental to support EC growth and proliferation, favoring
cell–scaﬀold interactions and ultimately tissue formation.2 To
this aim, electrospinning (ES) has been proposed as an eﬀective
and low-cost technique to fabricate ultra-thin bers (diameter
down to below 1 mm depending on the polymer species and
processing conditions), mimicking the ECM architecture,10,11
and promoting growth and diﬀerentiation of various cell types,
such as human mesenchymal stem cells,12 ECs,13 broblasts,14
myoblasts,15 and osteoblasts.16 Moreover, ES provides a useful
strategy to blend synthetic polymers with various biopolymers,
which together show unique combinations of mechanical,
durability and biocompatibility properties. For instance, ES
allows to process elastin–poly(DL-lactide-co-glycolide) for
vascular gra scaﬀolds,17 collagen–poly(caprolactone) (PCL) for
bioengineering of human skin,18 chitosan–polyethylene oxide
(PEO) for wound dressings and drug delivery,19 and gelatin–PCL
for nerve regeneration.20
Here we analyze the eﬀect of blending polymers in order to
realize nanobrous scaﬀolds to promote the proliferation of
human microvascular ECs (HMEC-1). This is one of the best
characterized immortalized endothelial cell lines.21 Importantly, the strategic interest in HMEC-1 for tissue engineering
applications is because they retain many characteristics of
endothelial cells, with the advantage of avoiding the isolation,
purication and growth of primary cells.22 Furthermore, these
cells are particularly useful to understand the behavior of
microvascular endothelial cells in several physiologic and
pathophysiological processes.22 Finally, with respect to other
common ECs (extracted for instance from an umbilical vein),
these cells oﬀer a distinctive advantage in perspective, since
they could be isolated from the same patient who will receive
the scaﬀold.23 In particular, we focus on the wettability properties of polymer blends, which are enhanced with respect to
both the individual constituent polymers and are here demonstrated to play an important role in favoring the adhesion and
viability of ECs. In fact, though generally recognized as a
cofactor inuencing cell adhesion on culture surfaces, the
wetting behavior of blend nanobrous scaﬀolds, its relation
with the properties of the polymer components, and its inuence on the adhesion and proliferation of microvascular cells
have not been studied yet. The elucidation of these mechanisms
can provide important indications for designing novel scaﬀold
structures with tailored wettability and surface properties.
Among interesting synthetic polymers, poly-L-lactic acid (PLLA)
oﬀers many advantages since it is a biocompatible and biodegradable polyester approved by the Food and Drug Administration (FDA), it is a low-cost material, it is easy to process, and it
is especially suitable for tissue engineering due to its controllable and widely studied mechanical properties.24–26 Unfortunately, the hydrophobic nature of PLLA hinders cell seeding27
and makes nanobrous scaﬀolds that are lacking in cell
recognition signals. To avoid this drawback, diﬀerent methods
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have been proposed, mainly based on functionalization by ECM
molecules through physical coatings or chemical graing.28 In
particular, a promising opportunity is provided by processing
PLLA with natural biopolymers, such as gelatin (Gel).29 Derived
from collagen which is the major component of skin, bone,
cartilage and connective tissues, and due to its high cytocompatibility, Gel is known to be a very advantageous biomaterial
for scaﬀold design, though it is rarely used in mono-component
nanobrous scaﬀolds because of its poor mechanical properties
and high water solubility.30 Blends of Gel and PLLA allow instead
to produce nanobrous scaﬀolds with good cell adhesion and
mechanical properties.29,31 Gu et al.31 have demonstrated the
excellent biocompatibility of PLLA/Gel nanobers (NFs) with
human embryonic broblasts and their potential application in
wound dressing. Kim et al. produced PLLA/Gel polymeric NFs as
a bone cell supporting matrix.29 Composite scaﬀolds of PLLA/
collagen and apatite have been also investigated aiming at
bone regeneration.32 However, neither the underlying mechanisms determining the wettability properties of nanobrous
PLLA/Gel scaﬀolds nor to what extent human microvascular ECs
adhere and are aﬀected by the blend properties has been
analyzed in depth. We here nd that ECs remain viable, proliferate and positively express CD31 as an endothelial cell marker
on the produced scaﬀolds, with higher proliferation observed
for blend electrospun scaﬀolds with enhanced wettability.
These results can be valuable for tissue engineering approaches
aimed at designing and realizing pre-vascularized scaﬀolds and
functional blood vessel networks with enhanced wettability
properties.

Materials and methods
Materials
PLLA (molecular weight of 85–160 kg mol1), gelatin type B
from bovine skin, EDC, NHS, 0.05% (w/v) trypsin, penicillin–
streptomycine solution (105 units of penicillin per ml and
10 mg streptomycin per ml), hydrocortisone, L-glutamine,
40 ,6-diamidino-2-phenylindole dihydrochloride (DAPI), phalloidin-FITC, Triton X100, albumin from bovine serum (BSA),
paraformaldehyde and organic solvents were purchased from
Sigma-Aldrich (St. Louis, MO). Cr granulate is from Umicore
Materials AG (Brussels, Belgium). HFIP is from Carlo Erba
(Milan, Italy). Fetal bovine serum (FBS), medium 199 and
phosphate buﬀered saline (PBS) are from Lonza (Milan, Italy).
Cell-Titer 96 AQueous One Solution Cell Proliferation Assay
(MTS) is from Promega (Milan, Italy). Mouse anti-CD31 is from
Millipore (Milan, Italy). Alexa Fluor 555 Goat Anti-Mouse IgG
is from Invitrogen Inc. (Paisley, UK). Recombinant Human
epidermal growth factor (EGF) is from PeproTech Inc. (Rocky
Hill, NJ). HMEC-1 were established by Prof. E. W. Ades, Center
for Disease Control (Atlanta, GA),33 and kindly provided by Dr G.
Turchi (Consiglio Nazionale delle Ricerche-IBF, Pisa, Italy).
Scaﬀold fabrication
For the ES process, solutions of PLLA, Gel and PLLA/Gel (1 : 1 in
weight) using hexauoroisopropanol (HFIP) as solvent and a
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concentration (w/w) of 8.0%, 3.5%, and 4.0%, respectively, are
prepared and stirred for 24 h. Further samples are realized for
contact angle and morphology measurements, with a solution
concentration (w/w) of 4.0% in HFIP and a PLLA : Gel relative
weight of 100 : 0, 90 : 10, 70 : 30, 50 : 50, 30 : 70, and 0 : 100,
respectively. Each solution is loaded in a plastic syringe with a
27 gauge stainless steel needle. A voltage of 7.5 kV is applied to
the needle for spinning PLLA, and of 4.5 kV for Gel and PLLA/
Gel, by a high voltage power supply (EL60R0.6-22, Glassman
High Voltage, High Bridge, NJ). During ES, the injection ow
rate is kept constant at 0.5 ml h1 using a syringe pump (Harvard Apparatus, Holliston, MA). NFs are collected for 1 h on
borosilicate glass coverslips with area from 1.7 to 19 cm2,
mounted on a grounded 10  10 cm2 collector at a distance of
20 cm from the needle. The air relative humidity and temperature are about 40% and 20  C, respectively. Most of the HFIP
would evaporate during the ES process. In addition, all the
samples are stored in a vacuum desiccator at room temperature
for two days to remove HFIP residues. For crosslinking, Gel and
PLLA/Gel scaﬀolds are immersed in EDC/NHS (50 mM/50 mM)
ethanol solution for 24 h at 4  C. Aerwards, the NFs are washed
with distilled water three times, and sterilized in 70% ethanol
for 1 h. Before cell culture, the nanobrous substrates are prewet in PBS and treated by oxygen plasma with a tabletop system
(Tucano, Gambetti Kenologia, Milano, Italy) at 30 W for 5 min to
improve the wetting properties before sterilization and cell
seeding. Reference PLLA, Gel, and PLLA/Gel lms for contact
angle measurements and morphological observation are spincast on borosilicate glass coverslips from the same electrospinning solution, at 5000 rpm for 50 s.

Scaﬀold characterization
The diameter and morphologies of electrospun samples are
determined by scanning electron microscopy (SEM, Raith,
Dortmund, Germany) aer thermal deposition of 5 nm of Cr
(PVD75, Kurt J. Lesker Co.), using an accelerating voltage of 5 kV
and an aperture size of 20 mm. The average diameter of the
bers is calculated from the SEM micrographs by imaging
soware (WSxM, Nanotec Electronica, Madrid, Spain),
analyzing a total number of at least 100 NFs for each sample
category. The composition of the produced scaﬀolds is evaluated by Attenuated Total Reection Fourier Transform-Infrared
(FTIR) spectroscopy (Spectrum 100, Perkin Elmer, Waltham,
MA) using a ZnSe 45-degree at-plate (Perkin Elmer), in a range
of 4000–500 cm1 and with a resolution of 4 cm1. For degradation tests (n ¼ 5 specimens), the scaﬀolds are placed in PBS
(pH 7.2) and incubated at 37  C for diﬀerent periods of time, up
to 30 days.34 Aer each degradation period (1, 15 and 30 days),
the NF substrates are washed in distilled water, dried in a
vacuum desiccator at room temperature for 48 h, and nally
weighed. The weight loss percentage of each specimen is
calculated as:34 weight loss (%) ¼ [(W1  W2)/W1]  100, where
W1 and W2 are the weight of the sample before and aer the
degradation test, respectively. Mechanical properties are
determined using a dynamic mechanical analyzer (DMA Q800,
TA Instruments, New Castle, DE). Each sample (n ¼ 10
This journal is ª The Royal Society of Chemistry 2013
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specimens) is cut into rectangular shapes (5  30 mm2) before
testing, and its thickness is measured using a digital micrometer (0.03–0.06 mm). The stress–strain curves are recorded with
a ramp/rate of 1 N min1 (up to 18 N), and elastic modulus,
percentage elongation, and ultimate tensile strength are
obtained. The morphological characterization of reference
spin-coated lms is carried out by tapping atomic force
microscopy (AFM) in air, using a Nanoscope III controller with a
Multimode head (Veeco) and integrated with an E-scanner.
P-doped Si tips are used with an 8 nm nominal curvature radius
and a resonant frequency of 190 kHz. Finally, the apparent
contact angle of water (WCA) on the scaﬀolds is measured using
an Optical Video Contact Angle System (CAM-200, KSV Instruments, Helsinki, Finland), gently delivering a drop (z2 mL) of
ultrapure water from a capillary tip onto the ber surface (n ¼ 5
specimens).
Cell culture
HMEC-1 cells are established from Human dermal Microvascular Endothelial Cells (HMEC) and immortalized by transfection with a pBR322-based plasmid containing the coding
region for the simian virus 40 large T-antigen.33 HMEC-1 are
maintained in an M199 medium containing 10% FBS, 10 ng
ml1 EGF, 1 mg ml1 hydrocortisone, 1% penicillin–streptomycine, and 2 mM L-glutamine. Cells are subcultured at least
once a week, and maintained in a humidied atmosphere (5%
CO2 in air) at 37  C.
Cell seeding and proliferation
Conuent cells in a ask are washed with PBS, removed with a
trypsin–EDTA solution and seeded onto PLLA, Gel, and PLLA/
Gel nanobrous scaﬀolds, in 24-well plates, at a concentration
of 3  104 cells per ml. For all the samples, the culture medium
is replaced every 3 days. Cell viability on the nanobrous
substrates is evaluated aer 2, 4, and 8 days by MTS assay. At
each time point, MTS solution is added to the medium in all the
wells. Cells are then incubated at 37  C for 4 h and the absorbance is determined at 490 nm using a spectrophotometer
(Spectrum 100, Perkin Elmer, Waltham, MA).
Cell morphology and phenotype study
Immunocytochemistry analysis is performed in order to assess
HMEC-1 cell morphology and to verify that these cells retain an
endothelial phenotype on the nanobrous scaﬀolds. Cells are
starved on PLLA, Gel and PLLA/Gel scaﬀolds placed in 24-well
plates, at a concentration of 3  104 cells per ml for 8 days. To
perform immunocytochemistry and three dimensional occupation analysis, samples are xed in 4% paraformaldehyde for
30 min and washed 3 times with PBS for 5 min each. Cell
membranes are permeabilized by incubation with 0.1% (v/v)
Triton-X100 in PBS for 15 min, followed by incubation in 1% BSA
(w/v) in PBS for 30 min to reduce nonspecic background
staining. For morphological evaluations, samples are stained for
30 min with phalloidin-FITC (25 mg ml1). Then, they are washed
with PBS and incubated with DAPI (6 mg ml1) for 15 min. To
visualize the marker CD31, samples are incubated for 2 h in
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mouse anti-CD31 (1 : 50), as a primary antibody, and then
washed with PBS and incubated with the secondary antibodies
anti mouse (Alexa Fluor 555 conjugated, 1 : 250) for 1 h. Nuclei
are stained by using DAPI for 15 min. Finally, scaﬀolds are
visualized using an epiuorescence microscope (Eclipse Ti, DAPIFITC-TRITC lters, Nikon, Melville, NY) equipped with a Nikon
DS-Ri1 camera. The HMEC-1 three dimensional occupation of
sub-surface pores within the scaﬀolds is studied by confocal
microscopy (Nikon). Serial z plane sampling is performed on
DAPI stained HMEC-1 cells grown for 8 days on electrospun
scaﬀolds, for a total z-scan distance of 80 mm at 1 mm per plane.
Statistical analyses
The NF diameter, contact angles, mechanical properties,
degradation test and viability test results are expressed as
(mean  standard deviation). A one-way analysis of variance
(ANOVA) with Tukey's post hoc test for multiple comparisons is
used for statistical analysis and a P value >0.05 is considered
statistically signicant.

Results and discussion
Scaﬀold characterization and wettability properties
The morphology of the fabricated PLLA, Gel and PLLA/Gel NFs,
imaged by SEM, is shown in Fig. 1. Electrospun bers are
characterized by a cylindrical shape, with a highly uniform,
smooth and beadless surface. The ES parameters (solution
concentration, voltage and injection ow) are optimized in order
to achieve ber diameters ranging from 250 to 550 nm,
comparable with the size of native ECM brils.35 We successfully
electrospin blends of PLLA and Gel polymers from HFIP solutions. HFIP is capable of dissolving both the synthetic and the
natural polymer used in our work. Though some reports highlight protein denaturation following collagen electrospinning
from HFIP solutions,36 this solvent is very eﬀective and suitable
to produce Gel-based bers, since gelatin is already marked by
destructed a-chains, disrupted triple-helical and brillar structure, and already lacks internal structure or congurational
order.37 For all samples, the diameter distribution is well
described by a Gaussian curve, peaked at (420  84) nm, (408 
64) nm, and (390  50) nm for PLLA (Fig. 1a and b), Gel (Fig. 1c
and d) and PLLA/Gel (Fig. 1e and f), respectively. In addition,
more than 70% of the NFs have a diameter in the range 300–
450 nm. As-spun Gel NFs are highly water-soluble and brittle,
and consequently ineﬀective for most biomedical applications,30
hence we crosslink Gel and PLLA/Gel scaﬀolds by ethyldimethylaminopropylcarbodiimide
hydrochloride/N-hydroxysuccinimide (EDC/NHS) chemistry.30,38 EDC is less cytotoxic,
however it facilitates the formation of amide bonds between
carboxylic and amino groups of Gel molecules, without
becoming part of the resultant linkage and without leaving
residues on the crosslinked scaﬀolds. EDC is used in the presence of NHS, which helps to prevent the formation of side
products and increases the reaction rate.39 Aer crosslinking, we
check by SEM whether the NFs preserve their initial size (data
not shown). In addition, for all the scaﬀolds we evaluate the
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degradation prole, which is a key feature of a tissue engineered
construct, because the formation of a new tissue is also related
to the degradation of the underlying biomaterial. The degradation of PLLA occurs very slowly, with a weight loss of only 5%
aer 30 days (Fig. 2), in agreement with previous reports and
leading to the conclusion that PLLA needs a quite long period
($24 months) to completely degrade.40 In contrast, a more
signicant weight loss is observed for both Gel and PLLA/Gel
scaﬀolds, showing a slight weight loss aer 1 day, that reaches
6% (25%) and 10% (14%) aer 15 (30) days for Gel and PLLA/Gel,
respectively. These results conrm the EDC/NHS induced
crosslinking of the Gel-based NFs, which would become more
water-resistant but also able to gradually dissolve aer the
implantation of the scaﬀolds. In order to provide a vascularized
construct, such gradual dissolution of Gel and PLLA/Gel scaffolds is indeed especially benecial, since the dissolved gelatin
gradually creates space for HMEC-1 penetration and migration
into inner layers of the scaﬀolds.41 The FTIR spectroscopy of
PLLA nanobrous scaﬀolds evidences the characteristic
absorption band [indicated by (1) in Fig. 3], originating from C]
O stretching vibrations in the carbonyl group at 1758 cm1,42
and two bands at 1185 cm1 (2) and 1088 cm1 (3), attributable
to backbone ester groups.43,44 Gel NFs present two bands corresponding to the amide I and amide II at 1629 cm1 (4) and
1538 cm1 (5),45 predominantly arising from C]O stretching
vibrations, and amide N–H bending and C–N stretching vibrations, respectively.43 In addition, the Gel spectrum presents a
broad band (6) due to the overlapping of N–H and O–H
stretching vibrations (3300–3600 cm1).45,46 The PLLA/Gel NFs
show only the same characteristic bands of each constituent
polymer, without the appearance of new absorption bands as a
possible consequence of reactions in the blend systems, and
–OH and –NH2 groups available as binding sites for serum
proteins and for then promoting endothelial cell adhesion.47,48
Overall, the chemistry of blend nanobrous scaﬀolds is therefore largely derived from that of the constituent materials, which
could induce one to expect surface properties and wetting
behavior of blend samples based on those of individual pristine
polymers. However, as we report in the following, the wettability
of blend nanobrous scaﬀolds is not intermediate between
those of nanobrous scaﬀolds made by single electrospun
polymers, a feature which will be shown to strongly aﬀect EC
adhesion and viability and which can be useful for designing
scaﬀold architectures with improved properties.
The elastic modulus (Fig. 4a), strain (Fig. 4b), and tensile
strength (Fig. 4c) are determined from the stress–strain curves
of PLLA, cross-linked Gel and PLLA/Gel NF dry scaﬀolds. As
expected, the mechanical properties of PLLA/Gel are intermediate between the pure Gel (cross-linked) and PLLA. For
instance, the elastic modulus of pure PLLA, Gel, and PLLA/Gel
NFs is of (200  18) MPa, (368  35) MPa, and (233  34) MPa,
respectively. Correspondingly, PLLA NFs present the highest
elongation at break (60  9)% [Gel NFs: (13  5)%, PLLA/Gel
NFs: (38  9)%] and the lower tensile strength, (6  1) MPa [Gel
NFs: (12  2) MPa, PLLA/Gel NFs: (10  1) MPa]. The tensile
strength and the elastic modulus of the Gel and PLLA/Gel
scaﬀolds are enhanced with respect to PLLA, as a consequence
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Fig. 1 SEM micrographs of PLLA (a), Gel (c) and PLLA/Gel (e) nanoﬁbers (scale bar: 2 mm), and corresponding distributions of ﬁber diameters for PLLA (b), Gel (d), and
PLLA/Gel (f). The superimposed lines are the best ﬁts by Gaussian curves.

of crosslinking.30,49 The Gel NFs analyzed before the EDC/NHSinduced crosslinking exhibit an elastic modulus of (91  9)
MPa, and a tensile strength of 2.4  0.8 MPa, in agreement with
previous studies50 thus providing electrospun scaﬀolds that
combine biocompatibility with a good mechanical support
capacity. As mentioned above, water wettability is also fundamental to promote cell colonization of the biocompatible
surface. The pristine PLLA scaﬀold shows a hydrophobic
behaviour with a static WCA (q) of 118  7 (Fig. 5a–e), whereas
the wettability is strongly enhanced by plasma oxygen, leading
to a WCA of 40  5 analogous to values measured for Gel
(45  5 ). A noteworthy nding is that the PLLA/Gel blend
turns out to be more hydrophilic (q ¼ 38  4 ) than both its
single components, which is a promising indication in view of
promoting cell adhesion, spreading and growth.11,51 A similar
behaviour is also observed for blend lms (q ¼ 35  4 , in the
This journal is ª The Royal Society of Chemistry 2013

case of a PLLA/Gel blend with 50 : 50 relative weights, Fig. 5f–i).
This nding, analogous to previous results obtained in blend
polymer lms,52,53 is in striking contrast with most frequently
used modelling approaches describing the contact angle of
chemically heterogeneous surfaces as simply given by a linear
combination of values obtained on surfaces made by the individual component species (A and B), i.e. cos q ¼ (cos qB  cos qA)
c + cos qA, where c is the relative B/A concentration in the blend
(0 # c # 1 with c ¼ 0 and c ¼ 1 for the pure A and the pure B
material, respectively).54
To better rationalize our results, the wetting behaviour is
measured for six species of NFs and lms prepared with
diﬀerent PLLA and Gel ratios. As shown in Fig. 6a, the composition signicantly aﬀects water wettability. Blends with Gel
content about 10% in weight become more hydrophilic,
however the contact angle decreases upon increasing the Gel
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Fig. 2 Degradation behavior of the electrospun nanoﬁbrous supports, described
by percentage weight loss vs. degradation time for PLLA (circles), Gel (triangles)
and PLLA/Gel (diamonds) NFs.

Fig. 3 FTIR spectra of PLLA, Gel and PLLA/Gel NFs (from top to bottom). Relevant transitions: (1) 1758 cm1, (2) 1185 cm1 and (3) 1088 cm1 are typical
bands of PLLA, whereas (4) 1629 cm1, (5) 1538 cm1 and (6) 3330–3600 cm1
relate to the Gel component, respectively.

content is not monotonic. Instead, the enhanced hydrophilicity
is especially distinctive of PLLA/Gel NFs with 50 : 50 relative
weights. In view of correlating the observed enhanced wettability properties with HMEC-1 adhesion and proliferation, we
schematize the nanobrous surface topography and chemical
heterogeneity correlating the resulting properties of the blendbased scaﬀold with those of the constituent polymeric materials
in a diﬀerent way. As demonstrated in a pioneering study by
Tuteja et al.,55 for surfaces exhibiting complex, possibly multiscale texturing, as in the case of a non-woven nanober, a third
parameter, namely the local surface curvature in correspondence with the individual nanostructures, has to be added to
roughness and surface energy in order to draw a reliable
description of the wettability behaviour. Indeed, nanobrous

5534 | Soft Matter, 2013, 9, 5529–5539

Fig. 4 Elastic modulus (a), strain (b), and tensile strength (c) of the produced NFs.
Results are expressed as (mean  standard deviation). Bars show statistically
signiﬁcant diﬀerences (P < 0.05).

scaﬀolds deposited on an underneath substrate exhibit natural
re-entrant curvatures, whose eﬀect can be described by simultaneously accounting for the roughness parameter (i.e. r > 1 in
the well-known Wenzel model, indicating the ratio of the overall
area of the wetted structured surface to the apparent area)56 and
the low surface-fraction of the wetted surface projected on the
horizontal plane (i.e. F < 1 in the Cassie–Baxter model).57
Consequently, the behaviour of the contact angle of the nanobrous polymer surfaces can be explained by considering drops
in an intermediate state, with the liquid sitting partially on air58
as schematized in Fig. 6b. This is described by a modied
Cassie–Baxter model,59 where the corresponding change in
surface free energy, DF, upon displacing the surface of the
liquid–gas interface by an amount, DA, is given by:
DF ¼ (gSL  gSV) rFDA + gLV (1  F) DA + gLVcos qDA. (1)
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can be related to that of the corresponding spin-cast samples,
q0, and to the scaﬀold surface topology by the following
expression:
cos q ¼ rFcos q0  (1  F).

Fig. 5 (a) WCA values for diﬀerent nanoﬁbrous scaﬀolds (# ¼ 1–5) of as-spun
(square) and plasma-treated PLLA (circles), Gel (triangles), and PLLA/Gel (diamonds) NFs. Lines are guides for the eyes. Middle panels: optical micrographs of
water droplets onto as-spun (b) and plasma treated (c) nanoﬁbrous PLLA (b), Gel
(d) and PLLA/Gel (e) surfaces. Bottom panels (f–i) show the corresponding
photographs on reference ﬁlm samples.

In the previous expression gSL, gSV, and gLV are the solid–
liquid, solid–vapour, and liquid–vapour interfacial tensions,
respectively and q indicates the contact angle on the textured
surface. According to eqn (1), the equilibrium contact angle of
the nanobrous scaﬀold for each electrospun material or blend

(2)

Applying this model to our investigated systems (PLLA, Gel,
and diﬀerent PLLA/Gel blends) we nd that it describes well
the contact angle behaviour of all the nanobrous mats.
Schematizing bers as cylindrical bodies of a circular crosssection with radius (R in Fig. 6b) as measured by SEM, and
considering the geometrical dependency of r and F on the
depth of the wetted fraction [h ¼ R (1  cos a) in Fig. 6b] and
the surface density of bers in the top layer of the mat, we
obtain the geometrical parameter, a and consequently r and F
for each scaﬀold material and blend (bottom panel in Fig. 6a).
We nd that all the brous systems are well described by 1.1 <
r < 1.6 and 0.4 # F # 0.8. Both the model roughness parameter
and the surface fraction of the wetted surface increase upon
increasing the PLLA weight content in the blend, with the
highest average values achieved at the 50 : 50 nanobrous
scaﬀold, resulting in an estimated depth of the wetted fraction
of 180 nm.
Given the analogous ensemble nanobrous topology (i.e.,
the similar non-woven structure, ber average diameter and
size distribution) to better investigate surface morphology and
its relation with wettability properties we also investigate lms
of PLLA, PLLA/Gel (50 : 50) and Gel by AFM. Fig. 7 shows typical
AFM micrographs of the three lms and the corresponding
photographs of water drops residing on their surfaces. Homopolymer lms exhibit very diﬀerent morphologies, with PLLA
being characterized by a micro-patterned, honeycomb-like
topography and a root mean square roughness (rq) of 88 nm,
while Gel lms exhibit a very smooth surface (rq  1 nm). A cocontinuous phase separation, with pores on the sub-micrometre length-scale and an overall roughness, rq  22 nm, can be

Fig. 6 (a) Top panel: WCA values of PLLA/Gel NFs (red dots) and ﬁlms (blue dots) containing PLLA and Gel at diﬀerent weight ratios. Lines are guides for the eyes. Bottom
panel: Corresponding F (full squares) and r (empty squares) parameters according to the modiﬁed Cassie–Baxter state (eqn (2)). The horizontal dash-dotted line indicates
unity. (b) Schematic of the partial penetration of the liquid on re-entrant nanoﬁbrous topography and of the modiﬁed Cassie–Baxter state. h indicates the liquid penetration
depth within the ﬁbrous layer, deﬁned as h ¼ R(1  cos a) where R is the ﬁber radius and a is the geometrical parameter identifying the partial liquid penetration.
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Cell proliferation and CD31 expression

Fig. 7 Atomic Force Microscopy micrographs of (a) PLLA, (b) Gel and (c) PLLA/
Gel (50 : 50) ﬁlms. Vertical scale bars are 480, 11 and 165 nm, respectively. rq:
corresponding measured root mean square roughness. Photographs of water
drops (z2 mL) on the surface of (d) PLLA, (e) Gel and (f) PLLA/Gel (50 : 50) ﬁlms.

instead appreciated in the blend. In agreement with previous
reports, sub-mm morphologies which enhance the hydrophilic
behaviour of the blend through the partial penetration of
the liquid within the recessed features of the surface59,60 and the
favourable reorientation of hydrophilic moieties towards the
scaﬀold surface which may occur upon blending60 may account
for the enhanced wettability of the blend in both lms and
bers. Once the enhanced wettability properties have been
assessed, we proceed to investigate how the 50 : 50 blend
nanobrous scaﬀolds outperform those based on pristine
polymer NFs in terms of microvascular EC proliferation and
viability.

HMEC-1 is the rst immortalized human microvascular endothelial cell line that retains the morphologic, phenotypic, and
functional characteristics of normal human microvascular ECs,
showing no sign of senescence even aer 95 passages (normal
microvascular ECs undergo senescence at passages 8–10).33 We
exploit for the rst time HMEC-1 cells for testing the ability of
electrospun scaﬀolds to favor endothelial cell adhesion, proliferation and functionality. The viability, proliferation, and
mitochondrial activity of HMEC-1 cells are evaluated aer 2, 4
and 8 days on nanobrous scaﬀolds (Fig. 8a). MTS assays
highlight the absence of cytotoxicity in our scaﬀolds for HMEC1. These results well agree with those reported from Yang et al.,
showing that cells grown with potential traces of HFIP stained
with a deadlive kit show negligible cell death, and that cells
largely remain viable.61 This is further supported by proliferation experiments, evidencing that diﬀerent NF scaﬀolds are
signicant to cell proliferation during culture (Fig. 8a).
In particular, we nd that, while aer 2 days the number of
cells on the diﬀerent supports is roughly comparable (in the
range of 3.1–3.5  104 cells), aer 4 days the scaﬀolds containing Gel exhibit an enhanced cell proliferation compared to
pure PLLA NFs, and this trend is more evident aer 8 days (at
the last time point, PLLA NFs: 5  104 cells, Gel NFs: 6  104
cells, PLLA/Gel NFs: 7  104 cells). In particular, aer 8 days of
HMEC-1 culture the number of metabolically active cells on
PLLA, Gel and PLLA/Gel scaﬀolds is about 1.6, 1.9, and 2.3 times
higher than those initially seeded, respectively, highlighting the
best proliferation on the blend polymer system. For the sake of

Fig. 8 (a) MTS assay describing HMEC-1 proliferation on the electrospun scaﬀolds after various incubation periods (2, 4, and 8 days). Results are expressed as (mean 
standard deviation). Bars show statistically signiﬁcant diﬀerences (P < 0.05) (b–d). Three dimensional occupation of DNA stained (DAPI, blue color) HMEC-1 cells within
the electrospun (b) PLLA, (c) Gel and (d) PLLA/Gel scaﬀolds. Scale bars ¼ 80 mm.

5536 | Soft Matter, 2013, 9, 5529–5539

This journal is ª The Royal Society of Chemistry 2013

This article may be downloaded for personal use only. It may not be further made available or distributed.

Paper
comparison, control cultures on polystyrene allow reaching an
analogous number of active cells (around 2.3 times higher than
those initially seeded). These results evidence that nanobrous
substrates, and in particular 50 : 50 PLLA/Gel NFs, allow
reaching proliferation rates fully matching optimal growth on
tissue culture-treated polystyrene dishes. Electrospun supports
blending synthetic and natural polymers are therefore an
optimal environment for HMEC-1 growth. Though it is not
surprising that a blend containing both PLLA and Gel has a
better cytocompatibility than pure PLLA scaﬀolds, the higher
cell proliferation rate observed on PLLA/Gel with respect to Gel
NFs is a signicant result which may be strictly related to the
enhanced wettability properties observed in the blend. Threedimensional confocal microscopic studies are also performed,
not only to directly visualize cell proliferation, but, more interestingly, to disclose the penetration of HMEC-1 cells into inner
layers and interstices, deep below the supercial layers of bers
of the scaﬀolds. A substantial penetration of cells into the
nanobrous structure is observed for all the scaﬀold formulations (Fig. 8b–d), which is a remarkable outcome in view of
developing tissue engineered scaﬀolds supporting endothelial
cellular inltration and ingrowth.62 The initial phase of cell–
scaﬀold communication is represented by cell adhesion which
in turn promotes a series of diﬀerent cell responses inclusive of
spreading, proliferation and diﬀerentiation. Upon cell attachment and spreading63 on the scaﬀolds, we study the cytoskeleton organization of HMEC-1 cells by staining actin laments
with Phalloidin Fluorescein Isothiocyanate Labeled (phalloidinFITC), and nuclei with DAPI (Fig. 9). The results conrm that
cells retain the typical adherent and spreading morphology,
showing well-stretched actin bundles without appreciable
diﬀerences on the diﬀerent scaﬀolds (Fig. 9a, c and e). However,
when analyzing the phenotypic properties as well as the functional development of ECs through the expression of a typical
endothelial cell marker, the CD31 protein, we nd a better
expression and adequate inter-endothelial contacts between
adjacent cells especially on PLLA/Gel NFs (Fig. 9b, d and f). In
fact, it is well established that the scaﬀolds could aﬀect the
synthesis of molecules for homotypic adhesion (CD31, VE-cadherin) or of integrin for the adhesion onto the substrate,64 and
CD31 is involved in endothelial cell–cell adhesion and plays an
important role in ensuring the endothelial barrier integrity.65
This immunocytochemical analysis, besides evidencing the
highest cell density on PLLA/Gel in agreement with results from
proliferation tests, highlights therefore a better functionality as
induced by the electrospun PLLA/Gel scaﬀolds. In a very few
reports, blend polymer NFs are demonstrated to induce an
improved response with respect to purely synthetic samples in a
variety of diﬀerent cellular species.20,29 For instance, PCL/Gel
NFs with a relative concentration of 70 : 30 have been studied as
scaﬀolds for the growth of neural stem cells, promoting and
directing the neurite outgrowth.20 Here, the blend NFs,
combining the mechanical properties of the synthetic polymer
and the Gel biocompatibility, result in engineered supports
with enhanced wettability, that triggers the most favorable EC
adhesion processes and supports the rapid growth and formation of inter endothelial contacts. Enhanced wetting properties
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Fig. 9 Cytoskeleton arrangement and CD31 immunocytochemistry of HMEC-1
cells grown on PLLA (a and b), Gel (c and d) and PLLA/Gel (e and f) NFs (scale bars:
100 mm). (a, c and e) Merged confocal images of stained DNA (DAPI, blue color),
actin (FITC-phalloidin, green color). (b, d and f) Merged confocal images of stained
CD31 (Alexa ﬂuor 555-red) and DNA-(DAPI blue) stained cells.

may impact cell adhesion and viability through several mechanisms. In particular, the adsorption of serum proteins is
demonstrated to play a key role for the cell proliferation,
adhering unspecically on nanobrous scaﬀolds with rates that
can be signicantly aﬀected by the degree of hydrophilicity.11
Overall, highly wettable blend NFs are of particular interest in
view of achieving pre-vascularized scaﬀolds for functional
tissue engineered implants, with ECs easily available in
perspective to form an eﬀectively functioning vasculature aer
implantation.

Conclusions
In this work blend polymer nanobrous scaﬀolds are
produced by ES with the aim of studying their ability to favour
EC adhesion, proliferation and functionality. We investigate
for the rst time the behaviour of HMEC-1 cells on NFs and
focus on the analysis of the wettability properties of blend
nanobrous scaﬀolds, which exhibit the best performances in
terms of cell proliferation and viability. Our results demonstrate that the realized bioarticial tissues possess favourable
morphological, chemical, degradation and mechanical properties, and they are able to support EC spreading and growth.
In particular, we nd higher proliferation rates and improved
endothelial functionality for ECs on blend polymer scaﬀolds.
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We anticipate that the production of electrospun scaﬀolds by
blending synthetic and bio polymers with enhanced wettability is a promising strategy to dispose of supports for
regeneration of big tissues that have relevant vascularization
issues and requirements.
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