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Abstract
Poly(L-lactide) electrospun mates have been produced with random and aligned fiber
orientation and degrees of crystallinity from 0 up to nearly 50%. These two factors,
fiber alignment and degree of crystallinity strongly affect the hydrophobicity of the
samples, being this larger for the aligned fiber mats and for the fibers with higher
degree of crystallinity. Whereas the first effect can be associated to a decrease in the
degree of porosity the second should be related to variations in the fiber roughness at
nanometric scale and an increase in fiber stiffness. Proliferation of human chondrocytes
cultured in monolayer on these substrates is similar in both aligned and non-aligned
amorphous mats. Crystallization of the aligned mats, on the other hand, nearly
suppresses proliferation and the cells produce higher amounts of aggrecan,
characteristic of the extracellular matrix of hyaline cartilage.
Keywords: Nanofibers, electrospinning, PLLA, Chondrocytes, Tissue engineering
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1. Introduction
The use of tissue engineering for restoring, maintaining or enhancing tissue and organ
function is a rapid growing field of investigation [1] with important achievements both
at “in vitro” and “in vivo” experimental levels. An important goal in this field is to
improve the success rate of tissue engineering strategies by creating more sophisticated
materials which can mimic the extra-cellular matrix (ECM), so that the body
regenerates “neo-native” functional tissues [2]. One of the major challenges in tissue
engineering is articular cartilage regeneration as current regeneration therapies fail
producing functional hyaline cartilage and the regenerated tissue has the characteristics
of fibrocartilage [3].
Biomaterials which mimic the ECM such as nanofibers have been pointed out as good
scaffolds for cartilage regeneration [4]. ECM typically consists on a viscoelastic
network with nanofibrous proteins that provide biological and chemical moieties as well
as physical framework supporting cell attachment and growth [5]. Chondrocytes seeded
on a scaffold should produce their own highly hydrated ECM which consists mainly in
collagen fibrils, predominantly collagen type II, and proteoglycans [6]. These products
will maintain the structural and functional integrity of chondrocytes such as shape,
polarity, migration, differentiation, apoptosis and gene expression. Cartilaginous matrix
is biosynthesized during the chondrogenic differentiation and can thus be used as a
marker of their differentiation [7-8].
Poly(L-lactide) (PLLA) is a biodegradable and biocompatible material approved by
U.S. Food and Drug Administration (FDA) for human clinical applications [9]. This
polymer shows a wide range of applications and can be processed in a variety of ways
and in different forms. PLLA nanofibers produced by electrospinning, the most
common and versatile method used to produce nanofibers, have a large interest due to
their structural similarity to the extracellular matrix of biological systems such as
collagen fibers [10]. High surface area to volume ratio and the characteristics described
above indicates that it may serve as effective tissue engineering scaffolds [11].
Electrospinning originates nanofibers with different morphology and hydrophobicity.
Recent findings showed that mammalian cells do respond to nanosized features
influencing the cellular behavior, as for example, cell adhesion, proliferation, matrix
production, cell morphology and orientation [9, 12-15]. Increasing evidences show that
surface patterning or alignment of nanofibers influences the guide cell growth direction
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and morphology [5, 16-18]. Zhang et al. [18] show the contact guide of OP9 stroma
cells on grooves patterned in PDMS surface. The cell movement velocity and cell
number inside the microchannel, consisting in aligned nanofibers, influenced the cells
migratory ability. Further, the surface topography can induce the cells to change their
genetic code leaving them on tumor cell metastic form.
Several articles reported contradictory results about the effects of material topography,
hydrophobicity and wettability on cell behaviour [19]. Some correlations between the
wettability and cell behavior have been reported showing that cells prefer to attach on
hydrophilic surfaces. Further studies found that cells adhere, spread and grow more
easily on substrates with moderate hydrophilicity [20]. To improve biomaterial surfaces
to make them more suitable to cell attachment and spreading, methods such as enriching
surfaces with ECM components or incorporation of natural polymers with synthetic
polymers have been reported. Cui et al [21] studied the effects of different biomimetic
surfaces of poly (L-lactic acid) on articular chondrocytes in vitro in order to improve
cytocompatibility. Gelatin was used to modify PLLA film surfaces by two different
processes: physical entrapment and chemical coupling. The obtained surfaces showed
different hydrophobicity and cell adhesion. Proliferation and differentiation were more
efficient on the more hydrophilic surfaces which correspond to the PLLA films treated
by chemical coupling. Similar works with electrospun PLLA nanofibers modified with
cationized gelatin (CG) show the affinity of chondrocyte for the modified form instead
of the virgin form. The chondrocytes seeded in nanofiber PLLA membranes displayed a
dedifferentiated, fibroblast – like morphology, whereas chondrocytes seeded in CG –
PLLA NFM maintained their chondrocytic phenotype.
The goal of this work is evaluate the human articular chondrocyte behavior seeding on
PLLA nanofiber scaffolds with different degree of crystallinity in order to assess the
optimal environmental conditions for regenerate hyaline cartilage. Cell adhesion,
proliferation and differentiation of chondrocytes, as well as their morphology and ECM
production detection were studied in an in vitro environment.

2. Materials and Methods
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2.1 Preparation of PLLA electrospun membranes
Biodegradable poly(acid L-lactide) electrospun membranes were prepared by
electrospinning under the conditions indicated in [22]. Alignment of the fibril mats was
obtained using a rotating collector while randomly oriented fiber mats were obtained
with a flat collector. The mean diameter of the fibrils was 700 nm (standard deviation
±235nm). The polymer fibers obtained after electrospinning were nearly amorphous, as
determined by DSC thermograms. Further isothermal annealing at temperatures in the
range between 70 and 140 ºC allows controlled crystallization of the polymer without
disturbing fibrils morphology [22]. In this way, oriented and non-oriented mats with
approximately 0%, 8%, 27% and 50% of crystallinity were produced. The different
PLLA samples used in present work are designed as listed in Table 1.
For cell culturing, circular samples with 6-7 mm of diameter of oriented and nonoriented membranes with different degrees of crystallinity were cut and sterilized with
ethylene oxide. PLLA samples were hydrated by Hanks’ balanced salt solution (Sigma
Aldrich) overnight before cell culture and after that the samples were washed 1 time for
5 minutes in Dulbecoo’s Modified Eagle’s Medium (DMEM, Gilco, Invitrogen, Paisley,
Scotland, UK).
Table 1 – Specification of the PLLA samples.
Morphology of PLLA fibers

Non-oriented

Oriented

Crystallinity
Amorphous
8%
27%
50%
Amorphous
8%
27%
50%

Symbol
NO-PLLA-0
NO-PLLA-8
NO-PLLA-27
NO-PLLA-50
O-PLLA-0
O-PLLA-8
O-PLLA-27
O-PLLA-50

2.2 Contact angle measurements
Contact angle measurements (sessile drop in dynamic mode) were performed at room
temperature in a Data Physics OCA20 device using ultrapure	
  water as test liquid. The
contact angles were measured by depositing water drops (3 µL) on the sample surfaces
using the software SCA20. At least 6 measurements in each PLLA electrospun
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membranes were performed in different sample locations and the average contact angle
was taken for each sample.
2.3 Cell culture
Human primary chondrocytes were obtained from cartilage specimens extracted from
knee samples otherwise discarded at the time of arthroplasty surgery in postmenopausal
woman, as described previously [8, 23]. Briefly, the articular cartilage was separated
from bone, cut into small fragments and treated with hyaluronidase at 0.5 mg/ml,
pronase at 1 mg/ml and collagenase at 0.5 mg/ml. The digested cartilage was filtered
with 70 µm of pore size, centrifuged and finally placed on a tissue culture flask with
Dulbecco’s Modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 50 µg/ml ascorbic acid. At confluence, the cells were subcultured
maximum twice to obtain the desired cell number. The cells that were not used
immediately in experiments were frozen in liquid nitrogen with 10% dimethyl sulfoxide
(DMSO) until use.
Circular membranes of PLLA microfibers were placed in a 96-multi well plate and
cultured with 140 000 cell/well in DMEM medium supplemented with 10% FBS and 50
µg/ml ascorbic acid at 37 ºC and 5% CO2. After two days of culture, the samples were
changed to new wells and cultured with DMEM supplemented with 1% of ITS (Insulin,
Transferin and Selenium; BD Biosciences), 50 µg/ml ascorbic acid and 10ng/ml of
transforming growth factor beta 1 (TGFβ1), corresponding this step to the zero time.
The cell culture medium was replaced every 3 days during 28 days. The negative
control was the biomaterial without cells and cells cultured on tissue culture polystyrene
(TCPS) was used as a positive control.
2.4 Cell morphology
At 21 days of culture, chondrocytes were washed in Dulbecco’s Phosphate Buffered
saline (DPBS, Invitrogen) and fixed in 4 % formaldehyde solution (Sigma) in PBS
during 10 minutes at room temperature. The samples were then rinsed with DPBS and
permeabilized with 0.1% Triton X-100 in PBS during 3 to 5 minutes at room
temperature. Then, the samples were incubated with Alexa Fluor® 488 phalloidin
(Invitrogen) at 6.6 µM during 20 minutes. Finally, samples were washed with PBS
before being mounted in a coverslip with aqueous mounting medium containing DAPI
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(Invitrogen). Overall cell morphology was studied using a confocal laser scanning
microscope (Leica TCS SP5 CFS) with an excitation at 495 nm and emission at 518 nm.
After cell proliferation for the desired period of culture, all samples were washed with
PBS solution to remove the non-adherent cells and fixed with 0.25% of glutaraldehyde
for 1h at room temperature. Following, the samples were dehydrated through a series of
graded alcohol series. The dried scaffolds were observed in SEM equipment (Leica
Cambridge S360) at an accelerating voltage of 15 kV.
2.5 Cell viability and proliferation
Cell viability assay and proliferation analysis was performed at 0, 7, 14 and 28 days of
culture

on

the

material

by

MTT

Kit

(Invitrogen™)

and

Live/Dead

Viability/Cytotoxicity Kit (Molecular Probes™).
MTT is an assay based on the cleavage of the tetrazolium salt in the presence of an
electron coupling reagent intracellular in viable cells. The amount of formazan dye
formed is directly correlated to the number of metabolically active cells in the culture
and was measured at 550 nm using a plate reader (Biochrom Anthos 2010 Microplate
Reader).
The Live/Dead Viability/Cytotoxicity Kit, which provides two color fluorescence cell
staining, is based on the simultaneous determination of live and dead cells measuring
recognized parameters of cell viability; intracellular esterase activity and plasma
membrane integrity. The assay was evaluated by Confocal Fluorescent Microscope
(Leica TCS SP5 CFS).
2.6 Cell differentiation
The chondrocyte differentiation was determined using enzyme-linked immunosorbent
assay (ELISA) and immunohistochemical methods.
2.6.1 Human aggrecan
The quantitative measurement of human aggrecan (AGG) was evaluated at 7, 14 and 28
days by means of ELISA (KAP1461, DIAsource ImmunoAssays S.A., Belgium) in cell
culture supernatants from experimental wells according to the manufacture protocol.
The absorbance was measured at 450 nm by using a plate reader (Biochrom Anthos
2010 Microplate Reader).
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2.6.2 Collagen type II
Specimens were fixed with 50/50 of ethanol/acetone during 10 minutes at 7 and 21 days
of culture. The samples were rehydrated through washing with PBS during three times
and then incubated with blocking solution (10% FBS, 0.1% Triton x-100 in PBS) at
room temperature. Then, the samples were incubated with a mouse antibody anticollagen type II (Ab-1), 1 µg/ml (Calbiochem®) during 1 hour. The samples were
washed with PBS and incubated with a secondary antibody Alexa Fluor® 488 antimouse (Invitrogen) (1:200). . Finally, samples were washed 2 times for removing the
excess of antibody before being mounted in a coverslip with mounting medium
containing DAPI staining (Invitrogen). The assay was performed at Confocal
Fluorescent Microscope (Leica TCS SP5 CFS) (ex/em ~495 nm/ ~515 nm for green
fluorescence and ex/em ~358 nm/ ~461 nm for DAPI fluorescence).
2.7 Statistical Analysis
All quantitative results were obtained from triplicate and were expressed as mean ±
standard deviation. Statistical differences were determined by ANOVA using F-test for
the evaluation of different groups. P values < 0.05 were considered to be statically
significant.

3 .Results
3.1 Contact angle measurements
The wettability of different PLLA membranes was determined and is shown in figure 1.
The amorphous non-oriented PLLA membrane shows to be the most hydrophilic
sample, with a water contact angle (WCA) of 65,9º. The annealing treatment of nonoriented PLLA membranes produces a decrease of wettability in the surface of these
samples, at the same time than crystallinity increases. In this way, a WCA of 118,1º was
obtained for the NO-PLLA-50. A significant difference between oriented and nonoriented PLLA membranes for the same degree of crystallinity was observed.
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Figure 1 – Evaluation of water contact angle of PLLA membranes. Values are mean ±
SD. No statistically significant difference in contact angle was found between nonoriented PLLA membrane with 50% of crystallinity and oriented PLLA membrane
amorphous and also between oriented PLLA membrane with 8% and 27% of
crystallinity.
Annealing oriented PLLA membranes also affects the wettability of the samples, but in
a less effective way than in the non-oriented PLLA membranes is smaller. In this way,
the WCA of O-PLLA-0 is 121,3º and for O-PLLA-50 is 137,8º.
It is important to notice in this sense that the annealing treatment does not change the
morphology of the fiber mats [22], being the variations of the wettability to be fully
ascribed to variations in the nanotopography of the fiber and in the stiffness due to the
increase of the degree of crystallinity.

a)

b)

Figure 2 – a) Micrograph of static contact angle of non-oriented PLLA amorphous and
b) Micrograph of static contact angle of oriented PLLA amorphous.
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3.2 Cell attachment and cell morphology
The overall morphology of chondrocytes seeded in PLLA membranes after 7, 14 and 28
days was visualized by SEM (figure 3) and after 21 days in confocal fluorescence
microscopy after actin staining (figure 4). According to the evaluation form results
similar to the ones presented in figure 3, a higher density of cells was observed on
scaffolds at 14 days of cell culture independently of the degree of crystallinity of the
membranes.
a)

b)

c)

d)

Figure 3 – Overall cell morphology of chondrocytes on PLLA membranes analyzed by
SEM. a) amorphous non-oriented PLLA membrane for 14 days; b) non-oriented PLLA
membrane with 27% of crystallinity for 7 days; c) oriented PLLA membrane with 27%
of crystallinity for 7 days; d) oriented PLLA membrane with 27% of crystallinity for 14
days. The scale bar (50µm) is valid for all the images.
With respect to the comparison of cell morphology between oriented PLLA membranes
and non-oriented PLLA membranes, it was observed that cells exhibited a more
elongated morphology in oriented PLLA scaffolds (Figure 4). However, no significant
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differences were observed among cell cultures for a given fiber orientation of PLLA
membranes with different degrees of crystallinity (data not shown).
a)

b)

Figure 4 – Confocal fluorescence microscopy images of chondrocyte cells after 21 days
of cell culture in PLLA membranes. a) non-oriented PLLA membrane amorphous; b)
oriented PLLA membrane amorphous. The scale bar (10µm) is valid for all the images
(green: cytoskeleton; blue: nucleus).
3.3 Cell viability and proliferation
The proliferation and viability of the attached cells in the eight types of PLLA
membranes after 7, 14 and 28 days in culture is shown in figure 5. For all the
membranes, the viable cell number increased to 14 days of cell culture and decreased
for longer cell culture time.
After 7 days of cell culture, cell viability and proliferation are similar for all the
evaluated samples with a slight increase compared to time 0. At 14 days of cell culture,
the amorphous PLLA membranes promote higher proliferation compared to crystalline
PLLA membranes. Among crystalline PLLA membranes, cell viability is significantly
lower in the case of the oriented PLLA membranes. Interestingly, the viability of the
attached cells of the non-oriented PLLA membranes was higher in PLLA membranes
with 27% of crystallinity than PLLA membranes with 8% and 50% of crystallinity. On
the oriented PLLA membranes no significant differences are observed with the increase
of crystallinity.
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Figure 5 – MTT absorbance results after cells seeded for 0, 7, 14 and 28 days on
different PLLA membranes. Values are mean ± SD. *Significantly different (p<0.05)
PLLA samples.
To verify the viability of the chondrocytes on the material, a live/dead assay was also
performed after 21 days of cell culture, confirming that most of adherent cells were
viable (figure 6).
a)

b)

Figure 6 – Fluorescence micrographs of live/dead of cell culture with chondrocyte cells
during 21 days in PLLA membranes. a) Non-oriented amorphous PLLA membrane; b)
oriented amorphous PLLA membrane. The scale bar (100µm) is valid for all the images.
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3.4 Cell differentiation
The presence of two hyaline cartilage biomarkers as aggrecan and type II collagen was
confirmed. The presence of type II collagen was observed at 21 days (figure 7) on the
amorphous non-oriented PLLA membrane and the same sample demonstrated to have
the higher aggrecan production (figure 8). However, no type II collagen was observed in
the oriented PLLA membranes.

Figure 7 – Immunocytochemical visualization of type II collagen after 21 days of
chondrocytes culture in amorphous non-oriented PLLA membrane.
Aggrecan is the most common proteoglycans of the cartilage matrix [24] and its content
in supernatant after chondrocyte cells seeded for 7, 14 and 28 days is shown in figure 8.

Figure 8 – Human aggrecan production in supernatant after cells seeded for 7, 14 and
28 days on different PLLA membranes. Values are mean ± SD. No statistically
12

significant difference in concentration was found among samples after 7 and 28 days.
At 14 days, significant differences between PLLA non-oriented and oriented
membranes were found.
At 7 days, no differences are detected in the production of AGG between non-oriented
and oriented PLLA membranes. At 14 days it is evident the strong difference between
the nonoriented and oriented PLLA membranes. The NO-PLLA-0 shows the lowest
AGG production in the supernatant and the O-PLLA-50 the highest. At 28 days, the
same behavior was observed with no strong differences between the main groups.

4. Discussion
Electrospinning is a powerful technique to produce micro- and nano-fibers and it is
know that the different fibrous structures can result in a remarkable increase of surface
hydrophobicity [25-27]. The present results show a large increase of water contact angle
(WCA) with increasing degree crystallinity in randomly oriented fiber mats and a
higher hydrophobicity of the mats with aligned fibers with respect to the former ones.
Highly hydrophobous surfaces can be produced by introducing submicron roughness
into an inherently hydrophobous surface [28-30]. Electrospinning is very adequate to
generate roughness in the sub-micron range since both fibrils and fiber separation are in
this order of magnitude. It should, thus be expected that water contact angle in
electrospun mats depends on morphological parameters such as fiber orientation and
porosity or fiber diameter [31-33]. The generation of topography in the nanometric scale
on the submicron rough surface with an additional decoration of the electrospun fibrils
or the space among them produces an increased tendency to water repulsion producing
superhydrophobic surfaces. Thus, Li et al found an important increase of
hydrophobicity when combining in a mat polystyrene and nylon6 electrospun fibers
with mean diameters quite different from each other [34]. The combination of thin and
thick fibers mimics the superhydrophobic surfaces of living organisms such as lotus leaf
[25]. Simultaneous contributions of chemical and topographical cues to hydrophobicity
can be obtained by coating electrospun fibers with more hydrophobic polymers [35].
Pisuchpen et al obtained mats with WCA above 150º with poly(vinyl alcohol) fibers
coated with or silica or silanol nanoparticles. WAC as high as 178º were obtained with
electrospun polystyrene or poly(vinyl chloride) incorporating nanoparticles that modify
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fibril surface roughness [36], or WAC above 140º in poly(vinylidene fluoride)
containing silica nanoparticles [37]. On the other hand the air retention at the surface
also contribute to water repellency, an increase of the stiffness has been shown to favor
air retention at the surface, too [38].
The development of crystallinity in PLLA films due to thermal treatments produces a
surface roughness that highly depends on the size of the spherulites [39-40]. It is
interesting to notice at this point that the variations in the degree of crystallinity in
PLLA films does not imply significant variations either in the contact angle (74º +/-3
for 10% and 67% crystalline samples) [41] nor in the stiffness (Young Modulus of
3.4+/- 0.3 and 3.5+/- 0.2 GPa for 7% and 40-50% crystalline samples) [42]. When the
amorphous electrospun fibrils crystallize their stiffness and surface energy increase [22,
43], and at the same time surface nano-roughness is expected to be developed.
The combination of all these effects have as a consequence the clear increase of water
repellence of the mat surface. The effect is very apparent in randomly oriented fiber
mats as the WCA is quite low, much smaller than in the mats with aligned fibers. The
results reported in the literature with respect to the effect of fiber alignment are
contradictory. Wang et al found higher WCA in randomly oriented electrospun PLLA
surfaces than in aligned ones [44], similar result was obtained by Kai et al in
electrospun polycaprolactone, although significant increase of WCA with alignment
was found when the fibers were modified with gelatin [45-46]. In our case the high
hydrophobicity of the mats with aligned fibers (values of WCA of 120º for the
amorphous or 140º for the most crystalline mats) could be mainly due to the difference
in the average pore size (or inter-fiber distance) with respect to randomly oriented mats
that can be someway characterized by membrane porosity which is higher in randomly
oriented mats [22]. The effect of the roughness introduced by crystallization seems to
less important than in non-aligned samples although still significant.
The topography created by the membrane features has a strong influence on the
biological response of the cells seeded in its surface trough contact guidance. In spite of
the porosity of the electrospun mats, they must be considered as a two dimensional
substrates with respect to cell culture since inter-fiber spaces do not allow cell invasion
of the three dimensional fiber structure. Cell-substrate interaction mediated by proteins
adsorbed from the culture medium is crucial to control chondrocyte adhesion,
proliferation and consequently gene expression in monolayer culture [5, 47-48]. It has
been shown that nano-fibrilar substrates allow viable and proliferative chondrocyte
14

culture [32, 49]. Mature chondrocytes are non-proliferative cells in hyaline cartilage.
The first stage for chondrocytes proliferation when they are seeded on a flat substrate is
the recognition by integrins of specific ligands in the proteins adsorbed on the substrate
surface. Once adhered to these ligands, integrins cluster and form focal adhesions,
which establish links in the cytoplasm with α-actin fibers. Development of the actin
stress fibers of the cell cytoskeleton not only controls cell morphology but it establishes
a cross-talk between the cell nucleus and the extracellular matrix which is an important
signaling path regulating cell functions such as proliferation or gene expression.
Chondrocytes seeded on a flat PLLA substrate spread and develop well defined focal
adhesions and actin cytoskeleton. The peculiar morphology of electrospun mats imposes
strong limitations to the formation of focal adhesions. This fact is responsible for the
complex morphology of the cells cultured on electrospun mats [50] that can be observed
in the SEM pictures of figure 3. Substrate morphology limits cell spreading [39] as can
be observed in figure 4. Cells cultured in randomly aligned fiber mats have a non-fully
extended morphology although the actin cytoskeleton is well developed (figure 4).
Interestingly contact guidance makes that cells seeded in substrates with aligned fibers
adopt an elongated morphology that has been observed many times when culturing
different cell types on aligned electrospun membranes. Interestingly, the imposed
restriction to spreading does not reduce the ability of chondrocytes to proliferate up to
14 days as can be seen by the MTT assays in the amorphous aligned or non-aligned
mats. The decrease in viability for longer times is a consequence of the chondrogenic
medium, without FBS, employed in cell culture. Nevertheless, cell numbers are still
important up to 21 days culture as seen in the live-dead test shown in figure 6.
Interestingly, fiber orientation and the hydrophobicity associated does not seem to affect
cell proliferation in the case of amorphous fibers. The values of MTT tests are nearly
identical in both supports. Crystallinity seems to decrease proliferation in the nonoriented supports, although dependence on crystallinity is not completely systematic.
Proliferation drops sharply with the development of crystallinity in aligned fibers. It
seems that proliferation is nearly suppressed when a limit in WCA is attained. BallesterBeltran et al [28] have recently shown that superhydrophobous surfaces can hinder the
formation of focal adhesion. Suppression of proliferation in chondrocyte culture seems
to be a requirement for the expression of the genes characteristic of the chondrocytes of
hyaline cartilage and production of extracellular matrix. Interestingly, supports with
crystalline aligned fibers induce active production of aggrecan by cells, collagen type II
15

markers are positive only for several cells (figure 7). Lim et al showed good
performance of highly hydrophopbous electrospun fiber mats in tissue production of
bovine chondrocytes as well [32, 49, 51].

5. Conclusions
PLLA electrospun fibers are nearly amorphous after the electrospinning process.
Aligned fiber mats are much more hydrophobous than randomly aligned ones. It is not
possible to conclude that the fact that the fibers are aligned parallel to each other is
crucial for this repellency to water. The inter-fiber void size can be also important and
as detected by the difference in porosity, inter-fiber spacing is smaller in aligned fibers.
Crystallization of the fibrils by thermal annealing at temperatures below melting does
not affect membrane morphology, but produce an important increase of hydrophobicity
what is ascribed to the modification of the fiber roughness at nanometric scale and
increase in fiber stiffness. Proliferation of human chondrocytes cultured in monolayer
on these substrates is not different in aligned or non-aligned amorphous mats.
Crystallization of the aligned mats nearly suppresses proliferation and the cells produce
higher amounts of aggrecan, characteristic of the extracellular matrix of hyaline
cartilage. The presence of collagen type II is only detected around part of the cultured
cells, what is not unexpected in a monolayer culture even if culture medium is
chondrogenic.
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