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Abstract

Here we report on the development of new type hybrid fibrinogen/polylactic
acid (FBG/PLA) NFs with improved stiffness combining the good mechanical
properties of PLA with the excellent cell recognition property of native FBG. We
were particularly interested on the dorsal and ventral cell response to the
nanofibers organization - random or aligned - using human umbilical endothelial
cells (HUVEC) as model system. Upon ventral contact with random NFs the

cells developed a stellate-like morphology with multiple projections. The well-



developed focal adhesion complexes suggest a successful cellular interaction.
Time-lapse analysis however shows significantly lowered cell movements
resulting in relatively short distance that they traverse in multiple directions.
Conversely, an elongated cell shape and significantly increased cell mobility
were observed on aligned NFs. To follow the dorsal cell response atrtificial
wounds were created on confluent cell layers previously grown on glass slides
and covered with either random or aligned NFs. Time-lapse analysis showed
significantly faster wound coverage (within 12 h) of HUVECs on aligned
samples vs. almost absent directional migration on random ones. However,
nitric oxide (NO) release shows that endothelial cells possess lowered
functionality on aligned NFs compared to random ones, where significantly
higher NO production was found. Collectively, our studies show that randomly
organized NFs could support the endothelization of implants while aligned

would rather direct cell locomotion for guided neovascularization.



1. Introduction

The reconstruction of an altered tissue or organ by bioengineered scaffolds
seeded with living cells holds enormous promise (Dvir et al, 2010) which
particularly relates to the purposes of today’s vascular tissue engineering
(Cleary et al, 2012). The use of synthetic conduits for development of artificial
vessels however is severely limited by their insufficient coverage with
endothelial cells, often resulting in graft failure, which particularly relates to
small diameter arteries (Cleary et al, 2012). It urgently calls for development of
novel constructs resembling the natural architecture of the vessel wall where
cells can grow and remodel their extracellular matrix (ECM) (Cleary et al, 2012).
It is widely appreciated that the geometry of the surrounding matrix is a key
parameter to engineer tissues. Indeed, distinct organizational features (Arnold
et al 2004) including adhesive micro- and nano-patterns (Dvir et al 2010; Thery
et al 2006) are strongly influential in directing cell behavior and functionality
(Wade and Burdick, 2012). Most of these studies however involve planar
substrates which are ideal for characterizing morphological cell response but
lack the real three-dimensional (3D) architecture necessary for the establishing
of a functional tissue (Dvir et al 2010). Conversely, studies on cells
encapsulated in hydrogel systems provide adequate 3D microenvironment but
lack the hierarchical fibrillar organization of ECM and its mechanical properties
(Lutolf and Hubbell, 2005; Dvir et al 2010). Fibrillar structures provoke the
cellular interaction apart from providing better mechanical support. They can

also guide a directional cell movement (Dvir et al 2010). Therefore the



implication of electrospining technology for producing fibrous scaffolds have
received much attention in tissue engineering due to the morphological and
dimensional similarity of produced nanofibers to the natural ECM (recently
reviewed by Liu et al, 2013). Moreover, during electrospinning the nanofibers
can be oriented depending on the fiber collection setup (Baji et al 2010) and
recent studies have shown that such oriented nanofibers can guide the spatial
arrangement of cytoskeletal proteins resulting in their elongation along the
fibers orientation (Liu et al 2009; Guelcher and Goldstein, 2009). However,
relatively little is known whether fibers orientation can influence the overall cell
behavior and cell-specific functionality (Fu and Wang, 2012), particularly of
endothelial cells, which are a principal cellular component of the vessel wall
(Fang et al, 2011).

Current studies in the field show that nanofibrous scaffolds should be
considered as ideal candidate for the engineering of the vessel wall because
they mimic the fibrillar structure of ECM (Ma et al 2002; Steven and George,
2005; Swartz et al 2005), provide the desired mechanical stability (Edelman,
1999) and topographical features that encourage endothelial cells interaction

and growth (Chiu et al, 2005; Nisbet et al 2007; Kuar and Krishnan, 2001).

Utilizing established protocols (Wenek et al 2003; He et al 2011; Perumcherry
et al, 2011) previously we have electrospun native fibrinogen (FBG) nanofibers
(NFs) considering distinct in vitro studies on cell behavior and potential vascular
tissue engineering application (Gugutkov et al, 2013). Though these fibers were
well-recognized by endothelial cells, they presented poor mechanical properties

being too soft and easy breakable in contact with cells. Here we report on the
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development of novel type hybrid fibrinogen/polylactic acid (FBG/PLA)
nanofibers with improved mechanical properties, but retaining at the same time
the good cell-recognition characteristics of the native FBG. This paper
describes some aspects of their production and biological characterization
emphasizing the role of NFs organization upon contact with the dorsal or ventral
cell surfaces, using human umbilical endothelial cells (HUVEC) as a relevant

cell model.



2. Materials and Methods
2.1 Electrospinning of FBG/PLA nanofibers

For production of composite FBG/PLA nanofibers, fibrinogen from bovine
plasma (Sigma-Aldrich) and poly-L-DL-lactic acid 70:30 (PURAC) were
separately dissolved in 1-1-1-3-3-3-hexafluoroisopropanol (HFIP; Sigma-
Aldrich). PLA (4% w/v) was dissolved overnight at room temperature under
continuous agitation. Fibrinogen (100 mg ml™) was dissolved in a 9:1 mixture of
HFIP and 10x DMEM (Invitrogen) and centrifuged at 4000 rpm for 10 minutes.
The supernatant was carefully collected, mixed with the PLA solution (1:1 v/v)
and loaded in a syringe pump (AITECS). For electrospinning we used a
conventional setup based on a high voltage supply (Glassman High Voltage
Inc.) and a grounded collector. Randomly deposited nanofibers were obtained
by vertical electrospinning onto 15 mm round shaped glass coverslips (Thermo
Scientific) placed on aluminum foil. Aligned fibers were obtained using an
original method of collection as recently described (Gugutkov et al 2013). The
applied voltage in both cases was 25-30 kV, the distance between the needle

tip and the collector was 125 mm, and the pump flow rate was set to 0.5 ml h™.
2.2 Characterization of nanofibers
2.2.1 Fiber morphology and alignment

The electrospun FBG/PLA fibers were coated with a conductive layer of
sputtered gold, and then viewed by scanning electron microscopy (SEM) at 15
kV (JeolJSM-5410). Fast Fourier transformation (FFT) outputs of the SEM

micrographs were used to characterize fiber alignment (ImageJ with Oval profile



plug-in). Briefly, a circular projection was placed on the FFT frequency
distribution outputs and the radial sums of the pixel intensities for each angle (0
to 180°) was calculated. Pixel intensity was then plotted as a function of its
angle of acquisition. Distribution data was normalized to a baseline value and

plotted in arbitrary units.

2.2.2 Atomic Force Microscopy

Nanofibers of different composition (composite FBG/PLA, pure FBG, and pure
PLA, respectively) were incubated at 37 °C in PBS for either one day or one
week to characterize their stability. After incubation, the fibers were dried under
nitrogen flow and their morphology and mechanical properties were evaluated
using atomic force microscopy (AFM). For that purpose, the Nanowizard® 3
Bioscience AFM (JPK Instruments AG) was used in the quantitative imaging
(QI™) mode with a setpoint of 0.4 V, a Z length of 0.7 um, and an extend/retract
time of 7 ms. Cantilevers with a spring constant of 2.8 N/m (Bruker) were used.
The height, slope and adhesion images were obtained from the force
spectroscopy curves recorded for each pixel of the scanned areas (256 x 256
pixels).

The mechanical properties of the nanofibers, namely their stiffness, were
measured through nanoindentation experiments performed via AFM.
Nanoindentations were carried out in a MultiMode AFM from Bruker (Billerica,
MA) using cantilevers (OTR8 from Bruker) with a 0.57 N/m spring constant and
a square pyramidal tip with half-angle of 35°. Calibration of the tip sensitivity
was performed in the same conditions as the experiments using a flat rigid

surface and the value was used to correct the force-height curves for the



deflection of the cantilever. The stiffness was then calculated using the slope of

the force-penetration curves as described elsewhere (Forner et al. 2009).

2.2.3 Stability

To determine the stability of FBG-containing nanofibers in aqueous
surrounding we labeled FBG with fluorescein isothiocyanate (FITC) (0.1 mg ml’
1y before electrospinning. Nanofibers containing known amounts of FITC-FBG
(0.2% from the total protein) were then electrospun in controlled quantities (1.0
mg), and thereafter incubated at 37 °C in PBS for up to 72 hours. After
incubation, the supernatant was collected and its fluorescence was measured
(494 nm excitation, 525 nm emission; FluoroMax-4, Horiba-Jobin Yvon). Pure
FBG nanofiber samples obtained as previously described (Gugutkov et al

2013), containing the same amount of FITC-labeled FBG, were used as control.
2.3 Cells

Human umbilical vein endothelial cells (HUVECSs) were obtained from MilliPore
and cultured in complete EndoGRO medium (MilliPore) with 2% fetal bovine
serum (FBS). For experiments, cells were harvested with trypsin/EDTA which
subsequently was inactivated by FBS and washed twice in FBS-free medium.
Cells were seeded on nanofiber samples placed in standard 24 well plates,

using typically 2.0 ml medium.

2.3.1 Cell morphology and visualization of focal adhesion complexes



Overall cell morphology on randomly and aligned electrospun FBG/PLA
nanofibers was evaluated after two hours of incubation in serum-free conditions
(cell seeding density: 5 x 10* cells per sample), and also after seven days of
incubation in presence of FBS (cell seeding density: 3 x 10* cells per sample).
After incubation, cells were washed with PBS, fixed with 4% paraformaldehyde,
permeabilized with 0.5% Triton-X100, and stained with FITC-phalloidin
(Invitrogen) for actin cytoskeleton and Hoechst 34580 (Invitrogen) for nuclei.
Focal adhesions were visualized with monoclonal anti-vinculin antibody (Sigma-
Aldrich) followed by goat anti-mouse AlexaFluor® 555-conjugated secondary
antibody (Abcam). Cells were photographed using an inverted fluorescent
microscope (Axio Observer Z1, ZEISS) and at least three representative images

were acquired for each sample condition.
2.3.2 Nitric oxide production

A nitric oxide assay kit (Enzo, Life Science) based on the Griess reaction was
used to colorimetrically determine total nitrate levels in the culture supernatants
after one and three days of cell culturing on random and aligned FBG/PLA
nanofibers. As no significant difference in cell growth was found between
random, aligned and a control sample (glass coated with 50 ug/ml FBG at 37°C
for 30 min) after 7 days of culture, direct comparison of the photometric signals

without normalization to cell numbers was done.
2.3.3 Long-term cultures

To follow long-term cell response to random and aligned nanofibers, 3 x 10*

cells were seeded on the samples and cultured for seven days in complete



EndoGRO medium that was exchanged each second day. At the end of
incubation the cells were fixed and stained for actin and nuclei as described
above. In addition, cell-produced fibronectin (FN) matrix was visualized by
immunofluorescence using polyclonal anti FN antibody (Sigma, Cat. No. F3648)
followed by AlexaFluor® 555 anti-rabbit secondary antibody (Invitrogen, Cat.
No. A21428). Cell density was determined by counting the cell nuclei in four

randomly chosen squares from low magnification fluorescent images.

2.3.4 Cell mobility

To investigate how FBG/PLA nanofibers influence cell mobility we
distinguished between dorsally and ventrally applied nanofibers. In the latter
case, time-lapse recordings of HUVECs were initiated one hour after cell
seeding (3 x 10 cells per sample) on FBG/PLA nanofibers and proceeded for
six hours (12 images per hour) using an on-stage mini-chamber coupled to the
microscope (Axio Observer Z1, Zeiss) to assure appropriate cell culture
conditions (37°C, humidified atmosphere and 5% CO,). To investigate the
dorsal cell response to nanofibers, confluent layers of HUVECs produced on
glass slides were scratched with a sterile pipette tip to produce an artificial
wound (ca 1 mm wide). Cells layer were then covered with random or aligned
nanofibers deposited onto 10 mm cylindrical Teflon rings to ensure intimate
contact of cells with nanofibers and recorded as above for up to 12 hours. Time-
lapse recordings were processed using the MTrackJ plugin of ImageJ
(developed by Biomedical Imaging Group of the Erasmus University Medical

Center Rotterdam, Netherlands). Path trajectories of 15 (ventral experiment)

10



and 20 (dorsal experiment) randomly chosen cells were traced manually
following their position at each 10™ frame of the time-laps records to analyze

their motile behavior.
2.4 Statistical analysis

Data are expressed as mean * standard deviation (SD) if not indicated
otherwise. Statistical significance was determined by two-tailed independent

Student’s t-test (p < 0.05).

3. Results
3.1 Morphology and mechanical properties of electrospun FBG/PLA nanofibers

Composite FBG/PLA nanofibers were obtained by electrospinning a mixture of
FBG and PLA in HFIP collected as a homogenous layer of either random or
aligned fibers (Fig. 1 A, B). In the latter case, pixel intensity distribution obtained
from FFT analyses of representative SEM fiber images revealed that majority of
the fibers aligned within 10° of the major fiber direction (Fig.1 C, D). The main
fibers diameter determined from SEM images is shown at Fig. 1 E. It was: 398 +
128 nm for random fibers and 250 + 160 nm for aligned ones (n = 100). The
mechanical properties of dry nanofibers were determined by nanoindentations
using AFM. Fig. 1 F shows that reinforcement of FBG nanofibers with PLA
substantially increased the local stiffness of the fibers from 30 + 10 Nm™ to 275
+ 50 Nm™. Meanwhile, pure PLA fibers were significantly stiffer than composite

nanofibers (4000 + 400 Nm™).
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3.2 Stability of electrospun fibers in physiological solution

The stability of composite and pure nanofibers in aqueous solutions was
initially estimated from morphological changes using AFM. After seven days of
incubation (PBS at 37 °C), both FBG and PLA/FBG fibers presented clear
changes in their morphology as judged from AFM adhesion strength magnitude
images. Over the same period, pure PLA fibers remained unaltered (Fig. 2).
AFM height images however did not reveal any significant differences on
surface roughness suggesting less sensitivity of this approach, but also implying
that degradation is rather negligible. No evidence for degradation was found at
intermediate times (data not shown) indicating that samples were unaltered at
shorter periods of incubation. Fiber stability was further characterized by
measuring fluorescent release from electrospun FBG/PLA composite fibers
containing FITC-FBG. For comparison, pure FBG nanofibers containing the
same amount of FITC-FBG (0.2% from the total protein) and prepared
according previously described protocol were used (Gugutkov et al. 2013). As
shown on Fig. 3 the fluorescent signal in the supernatant gradually increased
with the incubation time, and the kinetics of FITC-FBG release was very similar

for pure FBG and composite FBG/PLA nanofibers.

3.3 Cellular response upon ventral contact with FBG/PLA nanofibers

The response of HUVECs to ventral contact with composite nanofibers was
first evaluated morphologically in a short-term experiment. After two hours of
incubation, adhesion to random nanofibers promoted an irregular cell shape

with multiple cytoplasmic projections extending towards differently oriented
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fibers (Fig. 4 A and C). The cell protrusions showed high accumulation of actin
that co-localized with vinculin in focal adhesions (Fig. 4 C) where long actin
fibers with centripetal organization inserted, suggesting firm adhesive
interaction with fibers. On aligned fibers (Fig. 4 B, D), cells acquired an
extended morphology that strongly follows the fibers orientation. The highly
extended actin stress fibers inserted into well-developed focal adhesion
complexes (Fig. 4 D) indicate that cells exercised traction over the nanofibers.
Time-lapse recordings further demonstrated that HUVECs were highly motile on
aligned FBG/PLA nanofibers (Suppl. video 1) with individual cells undergoing
the typical motile cycle of extending a leading cell edge, followed by traction of
the tail cell edge. While most of the cells on aligned FBG/PLA nanofibers
carried out a linear path of translocation (Fig. 4 F), tracking analysis of cell
motion (Suppl. video 2) showed that cells on random nanofibers performed
restricted movements in arbitrary directions (Fig. 4 E) resulting in shorter

travelled distance compared to cells on aligned nanofibers.

3.4 Cellular response to dorsal contact with FBG/PLA nanofibers

To study the cellular response to dorsal application of PLA/FBG nanofibers
(i.,e., 3D response), we overlaid random or aligned nanofibers on artificial
wounds created in confluent cell layers and then recorded cell migration (Suppl.
video 3 and 4). Tracking analysis revealed that HUVECs moved without any
preferred direction, i.e. showing disoriented migration within 12 hours of
recording, when coated with random nanofibers (Fig. 5 A and C). As a
consequence, the cells traversed relatively short distances on random fibers,

and remained near the altered wound edges. Conversely, when cells were
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covered with aligned nanofibers (Fig. 5 B and D) they were confined to traverse
significantly longer distances resulting in uniform wound coverage within 12
hours.

3.5 Long-term cell culture on FBG/PLA nanofibers

No significant difference in cell growth was found between random and
aligned, as well as control samples of FBG-coated glass substrata even after 7
days of culture (see Table 1). Fiber orientation was however observed to affect
both cellular organization and ECM deposition in long-term cultures. The actin
cytoskeleton arranged with the fiber direction, resulting in stochastic orientation
of cellular actin bundles of cells grown on random fibers (Fig. 6 A) or in a
uniform linear pattern in cells on aligned fibers, coinciding with the cell
polarization (Fig. 6 B). Similarly, fibronectin (FN) secreted by cells after seven
days of incubation, was mainly stochastically deposited around cells grown on
random PLA/FBG fibers (Fig. 6 C). In contrast, FN matrix produced by cells
grown on aligned fibers clearly assembled along the main fiber direction (Fig. 6
D). No significant difference in cell numbers was found for both random and

aligned samples compared to controls after seven days of culture (Table 1).

3.6 Nitric oxide secretion

To learn whether the NFs organization may affect the functional activity of
HUVEC we monitored the secretion of nitric oxide (NO) at two different time
points. After one day of culture, no difference in NO secretion was found

between random and aligned samples (Fig. 7 A). Two days later however, the
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cells cultured on random fibers secreted significantly higher amounts of NO

than cells on aligned fibers (Fig. 7 B)

4. Discussion

In a previous work (Gugutkov et al 2013), we have developed pure FBG

nanofibers via electrospinning, a method that has been repetitively used to
create ultrathin fibers from a variety of matrix proteins (Wnek et al 2003,
Perumcherry et al 2011). While pure FBG fibers were well-recognized by
endothelial cells, they had poor mechanical properties which hamper their
application as scaffold material in vascular tissue engineering. Therefore, we
here describe a novel type of hybrid FBG/PLA nanofibers with strongly
improved mechanical stability, but retaining the favorable cell recognition
properties of native FBG.
Utilizing established protocols (Wenek et al 2003; He et al 2011; Perumcherry
et al 2011) we obtained fibers with an average diameter of 300 nm that
compared well with other FBG-based nanofibers (He et al., 2011). However, we
observe that the diameter of aligned fibers is more heterogeneous than random
fibers, presumably because of the turbulence forces caused from the rotating
collector, resulting that the small fibers are less oriented.

Three important aspects of our composite FBG/PLA fibers need to be clarified:
() the influence of the electrospinning process on the protein structure, (ii) the
long-term stability of the electrospun fibers in physiological environment and (iii)
the improved biomechanical properties of these nanofibers. In this context, one
has to consider that it is still not clear how FBG becomes insoluble during

electrospinning. One possibility would be that FBG is cleaved to fibrin if traces
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of thrombin are present in commercially available FBG. However, in a previous
work (Gugutkov et al, 2013) we excluded that possibility by showing that FBG
did not convert to fibrin during electrospinning, as not displaying the typical
electrophoretic band (between BB’ and y) present in fibrin and caused by
fibrinopeptide loss from the polymer backbone (Mosesson, 2005). We thus
hypothesize that electrospinning provides conditions where FBG molecules
convert to an insoluble form by attractive van der Waals forces that overcome
the electrostatic forces of repulsion. It should also be kept in mind that an
insoluble FBG exists also in nature, as extrahepatic FBG can assemble into
insoluble matrix fibrils in presence of cells, such as lung and mammary
epithelial cells (Pereira et al 2002; Rybarczyk et al, 2003). In that case, cells are
presumed to be involved in a process where cryptic beta residues are exposed
to form FBG fibrils (Rybarczyk et al, 2003). Although the relevance of such an
assembly mechanism in absence of cells is not clear, it may have
consequences for the long-term stability of the nanofibers. We therefore used
fluorescently labelled FBG (FITC-FBG) and traced the release of FITC from the
fibers as they were exposed to physiological conditions.

Due to difficulties to measure the initial amount of protein in the fibers (tightly
packed FBG molecules cannot be completely extracted) we had to measure the
relative loss of FITC-FBG into the medium, comparing with pure FBG
nanofibers as control. Both FITC-FBG/PLA and FITC-FBG nanofibers had
similar release kinetics of FITC-FBG, indicating entrapment stability of FBG.
Considering, as previously shown that approximately 5% of the protein from

pure FBG fibers dissolves within 1 week (Gugutkov et al, 2013), we concluded
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that the protein is stably incorporated within the polymer backbone and that the
composite FBG/PLA fibers are sufficiently stable in physiological conditions.
Regarding the biomechanical properties, composite FBG/PLA nanofibers were
significantly stiffer than pure FBG nanofibers but much softer than pure PLA
fibers when measured in dry state. It should be emphasized however that pure
FBG nanofibers possessed extremely poor mechanical properties when
immersed in wet conditions. Their elastic modulus decreases more than 1000
times (detailed by Baker et al. 2012), which makes their applicability in tissue
engineering really questionable. For example, in our previous studies we could
not introduce pure FBG fibers to the dorsal cell surface of HUVECs as fibers
broke immediately upon contact with water surface. However, the elastic
modulus of the new FBG/PLA fibers increased more than 100 times (Fig. 2B),
which in fact, made possible the artificial wound settings described in this study
(where we apply fibers over the cells layer through the medium). To our view, it
is the main advantage of the FBG/PLA nanofibers: they combine the very good
mechanical properties of PLA with the excellent biological properties of native
FBG. In this context, though the technological aspects of producing artificial
vessels are out of the scope of this paper, we would like to emphasize that now
we succeed in producing tubular structures using randomly deposited
electrospun FBG/PLA nanofibers (over the rotating 2 mm metal drum stick),
which was not possible with pure FBG ones (see supplementary Figure 1).
Moreover the surface of this scaffold is less thrombogenic by means of a
lowered platelet aggregation at the surface of composite FBG/PLA nanofibers

(whole blood test) in comparison to the pure FBG ones, thus acquiring surface
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properties similar to the relatively inert pure PLA fibers (see supplementary
Figure 2).

However, despite the promise of the composite fibrous scaffold, there is still a
need to understand how cells respond to the spatial orientation of NFs providing
obviously “readable” biological cues. Therefore, another issue we want to stress
on here is the morphological response of adhering endothelial cells to the
nanofibers. We found clear differences in the overall cell morphology depending
on the spatial organization of fibers. On aligned fibers, cells presented an
extended morphology that strongly followed the fiber orientation, while on
random ones they spread in multiple directions. It is well documented that
despite belonging to a common type, the cells display a variety of shapes
depending on the geometry of adhesive environment on which they adapt their
cytoskeleton (Théry et al, 2006). Indeed, the presence of highly extended actin
stress fibers inserting into focal adhesions suggests that endothelial cells exert
significant traction over the FBG-PLA fibers. Interestingly, the overall shape of
HUVECs on random fibers resembles to some extent the stellate-like
morphology characteristic for cells residing in three dimensional environments
(Grinnell, 2003). This leads to the conviction that endothelial cells can “read” the
geometry of the underlining nanofibers, and because they cannot enter between
fibers they perceive them rather as topography (i.e. 2.5D). It should be
emphasized however that the appearance of well-established matrix contacts
suggests that FBG/PLA nanofibers provide enough ligand density for clustering
of integrins, i.e. spaced in a less than 60-70 nm distance, required for the

assembly of focal complexes (Geiger et al. 2009). Collectively, this study
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provides morphological evidence that endothelial cells interact very well with the
composite FBG/PLA fibers which set them among the prospective biomimetic

scaffolds for vascular tissue engineering.

Beyond the events of initial morphological response, the time-lapse studies
revealed that cell migration patterns also depended on the spatial orientation of
nanofibers. Understanding the factors that control cell migration is, in general, a
key issue when designing implants for optimal integration with native tissue. In
accordance with other studies (Sundararaghavan et al, 2013) here we show
that HUVECs not only oriented themselves to aligned nanofibers, but also
migrated along them. The difference in cell migration on aligned fibers
compared to randomly oriented fibers was particularly dramatic in the artificial
wounds experiments, where aligned fibers were dorsally applied over the cells.
In that case HUVECs migrated towards the empty regions of the wound,
resulting in fast wound coverage. Conversely, when adhering to randomly
deposited fibers, or when overlaid with them in the wound experiments, the cells
were locally immobilized, most probably because of their anchorage with
multiple projections. Nevertheless, while guided directional cell movement might
be important for recruitment of endothelial cells on scaffolds promoting
angiogenesis, local immobilization of cells on randomly organized fibers could
also be of interest, e.g. for endothelization of blood contacting devices where
the up-regulation of the adhesive machinery is very important (de Mel et al
2008). While tissue neovascularization and integration of many implants with
the host circulation still remains a major barrier for transplantation of engineered

tissues - a field that has not yet identified an effective strategy (Lovett et al,
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2009) - nanofibers that efficiently guide cell migration could be an important
tool. Indeed, recent progress in this field suggests that allowing vascular cells to
form oriented rudimentary vascular networks either in vitro (prevascularization)
or in vivo might results in enhanced integration of grafted endothelial cells with
host vasculature (Kang and Bischoff 2011; Baranski et al, 2013). Our studies
contribute to the field showing that an oriented nanofibrous scaffold can be used
as a tool for guided vascularization of implant. In addition we show that the
balance of adhesive and motile phenotypes influences endothelial cells
functionality. In particular, we found that the orientations of the underlying
nanofibers clearly reflected in the organization of the confluent cell layers. Not
only was the cellular actin cytoskeleton well-aligned with the fiber direction, but
the newly generated fibronectin matrix fibrils also followed it organization along
the nanofiber direction. Those observations suggest that nanofibers orientation
might be a key to regulated fibronectin matrix assembly, which may serve as a
template for tailored ECM deposition. Interestingly, although cells grew equally
well on both type of nanofibers (Table 1), randomly oriented nanofibers
provoked endothelial cells to produce significantly more NO, allowing cells to
better influence local vessel contractility and platelet activation (FOrstermann

and Munzel, 2006).

Conclusion
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We report on successful electrospinning of novel composite FBG/PLA
nanofibers that combine good biomechanical properties of PLA with excellent
cell recognition properties of native FBG. Random nanofibers provoked a
stellate-like morphology of endothelial cells with multiple cytoplasmic
projections, which made them relatively immobile. Conversely, an elongated cell
shape combined with a significantly increased cell mobility and faster wound
coverage were observed on aligned NFs. However, NO release assay showed
that HUVECs possessed lower functionality on aligned NFs compared to the
randomly deposited ones. Collectively, our studies show that randomly
organized NFs may support the endothelization of blood contacting devices
while aligned ones could provide a tool for guided neovascularization of

implants.
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FBG coated FBG/PLA nanofibers
glass random aligned
Average number of 100.25 88.5 89.25
cells per square
Standard deviation 14.00 7.33 6.29

Table 1. Cell density at seventh day of culture on random and
aligned nanofibers compared to control values (FBG-coated glass). Data
represent number of nuclei per microscopic field (magnification 20x, n=4)
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Figure 1. SEM images representing the spatial organization of electrospun FBG/PLA nanofibers in
random (A) and aligned (B) configuration.The spatial organization of fibers was characterized by FFT
analysis and plotted as pixel intensity against the angle of acquisition (C and D).The pick of
intensity around 90° indicates the fibers alignment (D), which is not presented in random samples (C).
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Figure 2. Average fibers diameter (A) and stiffness (B) of composite FBG/PLA nanofibers compared with
plane FBG and PLA fibers.
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Figure 3. AFM adhesion images of pure FBG (upper row), pure PLA (second row) and composite
FBG/PLA nanofibers (bottom row) at DAY 1 (left column) and at DAY 7 (right column), i.e. after incubation
of samples for 1 week in PBS. No signs of degradation were observed for the pure PLA samples, but
slightly rougher surfaces can be obtained on pure FBG and composite FBG/PLA fibers after 1 week of
incubation. However, from the inserts, showing AFM height images of the same samples, a rather

disparaging morphology was observed, implying on a very little degradation.
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Figure 4. Characterization of the stability of electrospun FBG fibers. Kinetics of FITC- FBG release from
composite FBG/PLA (A) and pure FBG (B) samples. Fibers containing 1% FITC-labeled FBG were
incubated for 5, 24 and 72 hours in PBS and fluorescent intensity [CPS] of supernatants was measured.
The values for 24 and 72 hours were normalized to the signal of 5 h accepted as reference.
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Figure 5. Cellular interactions with FBG/PLDLA nanofibers.

A, B: Overall morphology of HUVECS after 2 hours of incubation on random (A) or aligned (B) nanofibers.

C, D: Visualization of focal adhesion complexes by vinculin (red) and actin cytoskeleton (green) on random (C), and
aligned nanofibers (D). Nuclei are stained by Hoechst (blue).

E, F: Visualization of cell tracks on random (E) and aligned nanofibers (F). Time laps were recorded at phase
contrast(magnification 10x); the direction of fibers alignment (if any) is indicated with red line.



Figure 6. Indirect imunofluorescent staining HUVEC cultured for 7 days on random (A) and aligned FBG nanofibers
(B) by phalloidin (green actin) and Hoescht (blue nuclei). Deposition of fibronectin secreted by HUVECs cultured for 7
days on random (C) and aligned FBG/PLDLA nanofibers (D).



Figure 7. Cell-tracks analysis during wound healing experiment Random (A, C) and aligned (B,D)
FBG/PLA nanofibers were applied onto the dorsal cell surface of confluent HUVECs layer where
previously artificial wounds were created (see Methods section). Cell tracks (in yellow) were obtained by
analysis of the time-laps movies (MTrack, ImageJ) during the 1st hour (A, C) and 12 hours (C,D) of
incubation.
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Figure 8. Nitric oxide production of HUVECS cultured onto FBG/PLA nanofibers at DAY 1 (A) and DAY 3
(B) of incubation. The photometric signals were normalized to the main number of cells (nuclei density
counted in 4 randomly chosen microscopic fields).




FBG coated glass

FBG/PLA nanofibers

FBG/PLA nanofibers

random aligned
Average number of
cells per 100,25 88,5 89,25
Standard deviation 14,00 7,33 6,29
Total number of 401 354 357

cells

Tablel. Cell density after 7 days of culture.




