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Abstract: Poly(L-lactide) electrospun mats with random and

aligned fiber orientation and films have been produced

with degrees of crystallinity ranging from 0 up to nearly

50%. The overall surface roughness is practically constant

irrespective of the sampling areas (1 3 1 mm to 20 3 20

mm) for degrees of crystallinity below 30%, increasing for

higher degrees of crystallinity for the larger sampling

areas. Further, due to fiber confinement, surface roughness

variations are smaller in electrospun mats. Samples with

50% of crystallinity show the lowest osteoblast and the

highest fibroblast proliferation. Therefore, it is verified that

higher roughness promotes lower osteoblast but higher

fibroblast proliferation. The overall results indicate the rele-

vant role of the sub-microenvironment variations associ-

ated to the microscale roughness in determining the

different cell responses. VC 2014 Wiley Periodicals, Inc. J Biomed

Mater Res Part A: 103A: 2260–2268, 2015.

Key Words: poly(l-lactic acid), tissue and biomedical engi-

neering, cell-material interface

How to cite this article: Ribeiro C, Sencadas V, Areias AC, Gama FM, Lanceros-M�endez S. 2015. Surface roughness dependent
osteoblast and fibroblast response on poly(L-lactide) films and electrospun membranes. J Biomed Mater Res Part A
2015:103A:2260–2268.

INTRODUCTION

Cell/material interactions are a key issue for cell biology
studies and biomedical applications. It has been reported
that cell response is sensitive to material topography and
functional characteristics, leading to specific cellular
responses.1–4 Thus, mechanisms associated to cell adhesion,
migration, spreading, and differentiation can be controlled
by tailoring physical properties, surface chemistry, mechani-
cal properties, micro, and nanostructure.5,6 Cells attachment
to membranes or scaffolds via local adhesion points, con-
necting the cytoskeleton to the polymer surface, is affected
by surface chemistry7 (e.g., presence of ligands), electro-
static charge,8 wettability (surface polarity),9 mechanical
properties,10 and surface topography.7 In this sense, under-
standing cell-biomaterial interaction is critical in order to
design novel successful biomaterials with increased and tai-

lored functionality for applications such as wound healing,
immune response, and tissue integration.

Surface roughness may be considered on different scales
(e.g., nano or micrometric), each level of surface patterning
potentially impacting the cell-material interactions. Wash-
burn et al.11 reported on osteoblast response to polymer
degree of crystallinity. Samples with a gradient of crystallin-
ity were prepared and it was shown that cells are sensitive
to topographic features of the order of 5 nm. Further, the
observed inhibition of proliferation of cells was not influ-
enced by changes in adherent proteins but directly ascribed
to changes in substrate roughness. Tissue in-growth through
porous scaffolds composed of semicrystalline or amorphous
PLA implanted in rat mesentery12 lead also to the conclu-
sion that cell proliferation is adversely affected by substrate
roughness, reporting a reduction of tissue in-growth
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through crystalline scaffolds after 10 days, which is different
from the results obtained with the amorphous scaffolds.

A qualitative and quantitative study of human osteoblast
adhesion on materials with various surface roughness was
performed using a metallic Ti6Al4V alloy.2 It was found that
cells oriented in a parallel manner in polished surfaces,
never attaining confluence in sand-blasted surfaces and
bearing a stellate shape, with impaired extracellular matrix
(ECM) organization. The study of the effect of titanium con-
trolled surface features13 lead to the conclusion that the
most influential surface dimension in promoting osteoblast
differentiation was nano-submicron hybrid roughed surfaces
as it initiates integrin activation and accelerates cyclins
expression. In addition, through real-time monitoring of
live-stem cell dynamics, it was found that surface height of
2–4 nm induces significant reorganization of cytoskeletons,
which determines subsequent osteoblast differentiation.

Poly (L-lactic acid) (PLLA) is one of the most widely used
biomaterials, due its low density, easy manufacturing, and
biodegradability, leading to a materials with high potential in
tissue and bioengineering applications when used both in the
form of films or micro and nanofibers.14,15 There are several
methods to induce surface nanopatterning such as soft-
lithography, dip-pen, template, self-assembling, selective etch-
ing, and selective chemical methods.7 Thermal annealing is
another approach to tailor surface roughness on materials
such as PLLA, leading to different degrees of crystallinity
depending on the annealing temperature and time.9,15

There are some studies pointing out the relevance of
degree of crystallinity and surface roughness on cellular
response, but there is still no clear knowledge or trends on
those issues, which in turn may be different for different
cell types. In the present work, the influence of PLLA sur-
face roughness at different measuring scales and degree of
crystallinity in cell attachment and proliferation of preosteo-
blast and fibroblast cells is reported.

EXPERIMENTAL SECTION

Materials
PLLA, with an average molecular weight of 217,000–
225,000 g mol21, Purasorb PL18 was supplied by Purac
(Netherlands). N,N-dimethylformamide (DMF, Merck) and
dichloromethane (DCM, Sigma-Aldrich), both analytical grade,
were used as received.

PLLA was dissolved in 3/7 (v/v) mixture of DMF/DCM,
to achieve a polymer concentration of 10 wt % in the solu-
tion. The dissolution process was conducted at room tem-
perature until complete dissolution using a magnetic stirrer.

Flexible films with a thickness of �40 mm were obtained
by spreading the solution on a glass substrate, which was
then maintained in an oven at 80�C over 1 h (HERAEUS
Vacuotherm) to ensure total solvent evaporation. To obtain
amorphous polymer films and remove material processing
and thermal history, the samples were heated up to 200�C
and remained at that temperature for 10 min before being
removed and cooled to room temperature.

PLLA electrospun samples were obtained by electrospin-
ning according to the procedure explained elsewhere.15,16

Electrospun fiber mats and films were submitted to thermal
annealing at different temperatures according to Table I to
achieve samples with different degrees of crystallinity. As
shown in Ref. [16, PLLA samples are processed in an amor-
phous state but contain numerous crystal nuclei that rapidly
grow when the samples are subjected to thermal annealing.
Annealing temperature and time allowing to tailor the
degree of crystallinity of the samples.

Sample characterization
Scanning electron microscopy (SEM). The samples were
coated with a thin gold layer using a sputter coating
(Polaron, model SC502) and their morphology (Supporting
Information Fig. S1) was analyzed using SEM (Quanta 650
from FEI) with an accelerating voltage of 10 kV. The mean
PLLA fiber diameter were calculated using SEM images of
40 fibers taken at 10003 magnification and Image J
software.

Differential scanning calorimetry (DSC)—The thermal
behavior of the PLLA electrospun mats was analyzed by
DSC (Supporting Information Fig. S2) with a Perkin Elmer
Diamond setup. All the experiments were performed under
nitrogen gas flow and heated between 30 and 200�C at a
heating rate of 10�C min21. The glass transition tempera-
ture (Tg), cold-crystallization temperature (Tcc), melting tem-
perature (Tm), cold-crystallization enthalpy (DI Icc), melting
enthalpy (DI Im), and degree of crystallinity (DXc) of the
samples were evaluated. The degree of crystallinity was cal-
culated after Supporting Information Eq. (S1).

Tapping mode atomic force microscopy (AFM). Doped Si
cantilevers were used with spring constants of 20–80 N
m21 driven at a frequency of 320 kHz at a scan rate of 1
Hz and assays were performed with a Bruker Dimension
Icon in air at room temperature. The root-mean-square
(rms) roughness was calculated for each image using the
instrument software NanoScope Analysis. The standard
uncertainty is indicated by the error bars, which represents
the standard deviation over at least three measurements
performed in different places of each sample.

Contact angle measurements (sessile drop in dynamic
mode). The contact angles were performed using the soft-
ware SCA20 after depositing water droplets (3 mL) onto the

TABLE I. Degree of Crystallinity of the PLLA Films and Elec-

trospun Fiber Membranes After Different Thermal Annealing

Processes

Temperature (�C) Time (min)
Degree of

Crystallinity (%)

As spun fibers or film 0 0
70 60 20
90 10 30
140 1440 50

The data shown correspond to electrospun membranes with

583 6 225 nm fiber diameter and films with �40� mm thickness,16,17

similar results were obtained for other samples. All results present

standard deviation of 66%.
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samples surfaces at room temperature with a Data Physics
OCA20 device using ultrapure water as the test liquid. For
each PLLA sample, 6 measurements were performed at dif-
ferent locations and the average contact angle was taken for
each sample.

Cell culture and proliferation
Two types of cell lines were used for cell culture: Mouse
embryo fibroblast 3T3 and MC3T3-E1 preosteoblast (Riken
cell bank, Japan). 3T3 fibroblast were cultivated in Dulbec-
co’s modified Eagle’s medium (DMEM, Gibco) containing
4.5 g L21 glucose supplemented with 10% newborn calf
serum (CALF, Invitrogen) and 1% penicilin/streptomycin
(P/S, Biochrom). MC3T3-E1 preosteoblast were cultivated in
DMEM containing 1 g L21 glucose supplemented with 10%
Fetal Bovine Serum (FBS, Biochrom) and 1% P/S at 37�C in
a 95% humidified air containing 5% CO2. The medium was
changed every 3 days. Circular PLLA samples (the designa-
tions and main relevant characteristics of the different PLLA
samples are listed in Table II) and glass covers used as con-
trol were placed in a 24-well tissue culture polystyrene
plate. Cells were seeded at a concentration of 3 3 104 cells
mL21 to each well and incubated in a 95% humidified air
containing 5% CO2 at 37�C. Cell culture was carried out up
to 6 days.

The proliferation of both cell lines on the different PLLA
membranes and glass covers was evaluated by (3-(4,5-Dime-
thylthiazol-2-yl)22,5-diphenyltetrazolium bromide) (MTT,
Sigma-Aldrich) after 1, 3, and 6 days. MTT is used to measure
the number of metabolic active cells based on the quantifica-
tion of the mitochondrial dehydrogenases activity on viable
cells. Four measurements were performed on each sample.

RESULTS

Samples topography
The degree of crystallinity of PLLA can be controlled by an
annealing process (see also Supporting Information).18

Together with the variation of crystallinity, the morphology
of the polymer changes from an amorphous flat film to a
spherulitic structure, characteristic of semicrystalline poly-
mers.18 The evolution of the PLLA film topography with
annealing time and temperature was measured by AFM and
representative images are shown in Figure 1. Amorphous

samples [Fig. 1(a,b)] show just isolated surface contami-
nants and an rms roughness of 4.86 0.4 nm for a 20 3 20
mm2 area and a rms value of 1.060.1 nm for an area of 1
3 1 mm2. It is thus shown that sample roughness depends
on sampling area, being the local roughness smaller than
the overall roughness of the sample. Samples submitted to
thermal annealing show a roughness that increases with
annealing time. As increasing annealing time leads to an
increase of the degree of crystallinity of the polymer, as
shown in Table I,16,17 surface roughness is closely related to
the degree of crystallinity of the samples. Figure 1(c,d)
shows the PLLA sample roughness for a sample with 50%
crystallinity, showing that the roughness for a measured
area of 20 3 20 mm2 is 45.66 1.6 nm [Fig. 1(c)], which is
higher when compared to the amorphous PLLA film. It is
also observed that thermal annealing leads to a microstruc-
tural polymer modification to the characteristic spherulitic
structure typical of semicrystalline polymers such as PLLA19

or PVDF.20 In the boundary region between spherulites a
valley is observed as a consequence of the polymer crystalli-
zation process based on spherulite nucleation and growth.20

Further, AFM measurement performed in an area of 1 3 1
mm2, within a spherulite, lead to a rms roughness value of
8.46 2.7 nm [Fig. 1(d)].

Similar experiments were performed in PLLA electro-
spun fibers, were crystallization occurs in a confined envi-
ronment because of fiber dimensions and were a different
scale roughness is observed because of interfiber placement
in the fiber membrane. Thus, AFM measurements were per-
formed in single electrospun fibers subjected to similar
annealing treatments as the ones performed in the films.
Figure 2 shows the characteristic topography of PLLA elec-
trospun fibers with different degrees of crystallinity. The
electrospinning process gives origin to amorphous PLLA
electrospun fibers.15–17 Amorphous electrospun fibers pres-
ent an rms of 3.160.7 nm in an area of 1 3 1 mm2 and
clear microstructural features are observed and identified
as different heights [Fig. 2(a,b)]. After annealing at 140�C
for 24 h electrospun samples with 50% of crystallinity
show an rms value of 4.761.6 nm (for the same area).

The evolution of PLLA film and electrospun fiber rough-
ness with the degree of crystallinity for different scanning
areas is presented in Figure 3. It is observed that sample
roughness does not show significant changes in the average
surface roughness for PLLA films with degrees of crystallin-
ity up to 30%, independently of the scanning area. On the
other hand, for film samples with higher degrees of crystal-
linity, the sample roughness suffers a strong increase from
2.36 2.7 nm up to 45.661.6 nm [Fig. 3(a)] for the lowest
(1 3 1 mm2) and largest (20 3 20 mm2) scanning samples
area, respectively. The evolution of the roughness with the
degree of crystallinity for the single electrospun fibers
shows that surface roughness just slightly increases with
increasing crystallinity [Fig. 3(b)], which is due to the small
sampling area at which this measurements must be per-
formed (maximum of 1 3 1 mm2) in comparison to the
films. The annealing treatment performed to the PLLA fibers
reveals that the developed spherulitic microstructure in

TABLE II. Denomination and Main Characteristics of the Eval-

uated PLLA Samples

Morphology
Degree of

Crystallinity (%) Denomination

Film 0 PLLA Amorphous
20 PLLA 20%
50 PLLA 50%

Randomly oriented
fibers

0 PLLA R Amorphous
20 PLLA R 20%
50 PLLA R 50%

Oriented fibers 0 PLLA O Amorphous
20 PLLA O 20%
50 PLLA O 50%
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polymer films during thermal annealing, with spherulites
larger than 16 mm of diameter after 24 h annealing [Fig.
1(c,d)] cannot be developed in the fibers due to the confine-
ment restrains related to the fibers small diameter
(�600 nm, Fig. 2). On the other hand and despite this con-
finement effects, crystallization of polymer chains effectively
occur, leading to similar degrees of crystallinity of films and
fibers. This fact indicates that the crystallization process
where the polymer chains fold into stems to form crystal-
line lamellae between �10 up to 20 nm,21 leading to the
characteristic spherulitic morphology of semicrystalline
polymers, especially from when crystallization occurs from
the melt,22 is only perturbed at the upper spherulitic level
due to the confined space of the polymer fibers. It has been
reported in related systems such as poly(ethylene oxide)21

that the process of nucleation and growth can be deeply
affected by nanoscale confinement, as the isotropic growth
of lamellar crystals is hampered and crystallization under
confined conditions can produce specific lamellar crystalli-
zation. Often, the preferred lamellar crystal orientation is
vertical to the layer.21,23 In the present work, such PLLA
confinement provided by the fibrous morphology, probably
results in the growth of crystalline lamellae in the radial
direction towards fiber surface, promoting an increase in
the overall fiber roughness with increasing degree of crys-

tallinity (Figs. 2 and 3). Taken into account the sampling
scale, the overall roughness of fibers and films of a sampling
area of 1 3 1 mm2 is roughly at the same level. In this way,
and for cell culture and related applications, in the PLLA
fiber mats the main contribution for the sample overall
roughness is not due to single fiber roughness but to the
“peak and valleys” that exists between fibers due to fiber
packing into the membranes.

Contact angle measurements
The surface energy, which is intimately related to the con-
tact angle, is one of the key factors governing cell/biomate-
rial interaction. It has been reported nevertheless that there
is no obvious relationship between cell adhesion and sur-
face energy.24,25 On the other hand, studies have revealed
that better adhesion and cell responses are obtained in bio-
material surfaces with moderate hydrophilicity.26,27 The
results of the water contact angles measured on the differ-
ent PLLA samples are shown in Table III. The contact angle
of the PLLA films is lower than 90�, independently of the
degree of crystallinity. Increasing crystallinity decreases the
contact angle, being the film with the larger contact angle,
72.56 1.9, the amorphous PLLA one.

Comparing the PLLA films and fibers, it is possible to
observe that the PLLA fibers show a higher contact angle

FIGURE 1. Representative AFM images showing the evolution of the PLLA morphology as a function of annealing time and therefore degree of

crystallinity: (a, b) amorphous polymer sample measured at areas of 20 3 20 mm2 and 1 3 1 mm2, respectively; and (c, d) sample with 50% crys-

tallinity measured at areas of 20 3 20 mm2 and 1 3 1 mm2, respectively. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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than the PLLA films, exception made to the randomly ori-
ented amorphous PLLA fibers.

On the other hand, the randomly aligned PLLA fibers
show to be more hydrophilic than oriented PLLA fibers.
Randomly oriented fibers show a strong increase in the
contact angle from �66� up to �118� when crystallinity
increases from amorphous material up to 50%. When the
fibers are oriented, the effect of increasing crystallinity is
also to increase contact angle, although modestly: from

121� (amorphous) to 138� (50%), due to the already
large contact angle value of the oriented amorphous
fibers.

The contact angle difference between the PLLA films
and fibers is explained by the large sub-micron range
roughness produced by the electrospinning due to the fibri-
lar structure of the mats,28 explaining also the water contact
angle dependence in electrospun mats on fiber orientation,
porosity or fiber diameter.29,30

FIGURE 2. Representative AFM images showing the evolution of the surface morphology of PLLA electrospun fibers: (a, c) amorphous polymer

sample at sampling areas of 103 10 mm2 and 1 3 1 mm2, respectively; and (b, d) sample with 50% crystallinity at sampling areas of 10 3 10 mm2

and 1 3 1 mm2, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 3. PLLA average roughness: (a) as a function of the degree of crystallinity for PLLA films, (b) as a function of the degree of crystallinity

for a PLLA electrospun single fiber for a sampling area of 1 3 1 mm2. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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When the PLLA films are submitted to thermal anneal-
ing, the contact angle value decreases associated to increas-
ing roughness (Fig. 3, Table III).

A different behavior is observed in the fiber mats, in
which the contact angle increases with increasing degree of
crystallinity. In this case, the water drop is in contact with
several fibers and the effect of the nanoscale roughness is
overshadowed by the rearrangement of the fibers under
thermal annealing that is by variations of the roughness at
a micro-scale. Further, water contact angle increases stron-
ger with thermal annealing in the randomly oriented fibers
than in the oriented fibers, due to the larger reorganization
of the fibers under thermal treatment.16

Cell proliferation studies
The influence of polymer topography on cell behavior is
highly dependent on cell type and polymer material charac-
teristics.31 So, in order to study the influence of PLLA crys-
tallinity and surface roughness in cell attachment in an in
vitro environment, two different cell lines were used:
MC3T3-E1 preosteoblast and Mouse embryo fibroblast 3T3.

The proliferation of the attached cells on the different PLLA
films throughout 6 days of culture is shown in Figures 4 and
5. The absorbance (Abs) was measured at 570 nm for all the

samples at a given time. Figure 4 illustrates the MTT absorb-
ance values obtained for MC3T3-E1 preosteoblasts cultured on
PLLA films. After 1 day it is possible to observe that cell adhe-
sion on PLLA with 50% of crystallinity is lower than on the
other films with lower degree of crystallinity and surface
roughness. This trend is accentuated for later stages of the cul-
ture; indeed, no significant increase over the third day is
observed on PLLA with 50% of crystallinity.

Proliferation of 3T3 fibroblast on the different PLLA
films is shown in Figure 5. After 1 and 3 days, no significant
differences between the samples are observed. After 6 days,
and contrary to the observations in MC3T3-E1 preosteo-
blast, the proliferation on PLLA films with 50% of crystallin-
ity is significantly higher than for the other samples.

The cell proliferation was also studied, 3 days after cell
seeding, on the different PLLA fibers and the results are
illustrated in Figure 6. For MC3T3-E1 pre-osteoblast no sig-
nificant differences between all substrates was detected. In

TABLE III. Contact Angle of the Different PLLA Samples

PLLA Samples Crystallinity Contact Angle Values (�)

Films Amorphous 72.5 6 1.9
20% 56.0 6 7.7
50% 61.9 6 6.2

Randomly
oriented fibers

Amorphous 65.9 6 2.4
20% 86.8 6 2.5
50% 118.1 6 2.7

Oriented fibers Amorphous 121.3 6 1.7
20% 131.5 6 2.4
50% 137.8 62.8

Values are mean 6 SD.

FIGURE 4. MTT results from proliferation assays of MC3T3-E1 preos-

teoblast seeded on different PLLA films and on the control surface

after 1, 3, and 6 days. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

FIGURE 5. MTT results from proliferation assays of 3T3 fibroblast

seeded on different PLLA films and on the control surface after 1, 3,

and 6 days. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

FIGURE 6. MTT results from proliferation assays of MC3T3-E1 preos-

teoblast and 3T3 fibroblast seeded on different PLLA electrospun

mats after 3 days. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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the case of 3T3 fibroblast, the substrate that promotes
higher proliferation is the PLLA R 50% fibers. It was addi-
tionally found that cell viability is significantly lower in the
case of oriented fibers with higher degree of crystallinity.

DISCUSSION

It is often observed in the literature studies with contradic-
tory results with respect to the response of different cell
types to surface topography. Previous studies show that cell
types respond differently to different material surface
roughness or topography.32 certain cells prefer smooth11

and another rough topography.33 Cells are highly sensitive
to their surroundings responding to environmental features
at different scale levels. As a consequence, it is essential to
develop highly defined and specialized cell environments in
order to achieve a proper tissue functional development.
Cells respond to three different types of surface parameters:
chemical, topographical, and mechanical.34 This work mainly
focus on the topographic study as the chemical characteris-
tics of the surface are the same in all PLLA films and mem-
branes though variations at the mechanical level can be also
expected due to the different mechanical characteristics of
the amorphous and cystalline phases of the semicrystalline
polymer.

The interface between cell and material plays an impor-
tant role in cell attachment and behavior. Cell adhesion is
mediated by membrane proteins that can be attached
directly to the material or to the protein layer adsorbed on
the substrate provided in the serum media. These proteins
will be crucial for the formation of ECM and consequently
for focal adhesions complexes.35 Spherulitic structures pres-
ent on the film can promote the focal adhesions due to the
protuberances. Focal adhesions complexes will dictate cell
shape and cytoskeleton architecture, which has an impor-
tant function on mechanotransduction. Perturbations to
mechanotransduction at nanoscale level, compromises ten-
sional homeostasis of the cells, once it will controls the cas-
cade of intracellular signaling pathways leading to changes
in gene expression and also form mechanisms to prevent
cell apoptosis.36

In this study, it was verified that cell adhesion and pro-
liferation of osteoblast and fibroblast cells is different in the
substrates with different morphology. Comparing the differ-
ent crystallinities of PLLA films, it is observed that the crys-
tallinity affects differently the cell response. PLLA with 50%
of crystallinity (sample with higher roughness) shows the
lowest osteoblast proliferation and the highest fibroblast
proliferation. Such observation is contrary to the reports
with osteoblast (hFOB1.19) and fibroblast (L929) cells that
indicate that osteoblastic cells prefer rougher surfaces,
whereas fibroblasts (the most common cell type found in
connective tissue) favor smoother ones.32 On the other
hand, our results are in agreement with previously reported
results in which it was shown that the smoother the sur-
face, more the osteoblast proliferate.37 The aforementioned
variations in the literature can be attributed to the fact that
the cell lines are different. It is interesting to notice that, as

the larger roughness differences are observed for the largest
sampling area (20 3 20 mm), the “microscale roughness”
seems to play a most relevant role in determining cell
response, as compared to the “nanoscale roughness.”
Indeed, at the nanoscale level, all of the PLLA films analyzed
bear a similar roughness, differences being observed only at
the microscale level for the more crystalline sample, which
seems to correlate with a differential cell response for both
of the cell kinds used.

The biological response of human chondrocytes cultured
in PLLA electrospun mats9 show that human chondrocytes
proliferation is similar in both aligned and random amor-
phous mats and that the crystallization of the aligned mats,
on the other hand, nearly suppresses proliferation. When
comparing the different PLLA electrospun membranes (Fig.
6), it is observed that the orientation and crystallinity of the
PLLA fibers seems not to affect the proliferation of the
osteoblast cells. On the other hand, observing the biological
response of fibroblast cells, it is verified that the PLLA ran-
domly oriented with 50% of crystallinity promotes higher
proliferation than the other PLLA electrospun mats, which
is in agreement with the results for the PLLA films. How-
ever, for the same degree of crystallinity on the oriented
PLLA fibers, the fibroblast proliferation was significantly
lower. These PLLA electrospun membranes exhibit similar
roughness, but the difference in fibroblast proliferation can
be explained by the fact that the membranes surface pres-
ent different topologies that result in different stimuli for
the cell behavior.

Focal adhesions are the predominant mechanism by
which cells mechanically connect to and apply traction
forces on their ECM, playing therefore a critical role in cell
behavior.38 The growth of cells can be modulated by physi-
cal factors such as ECM nanotopography. Such nanotopogra-
phy can modulate cell behavior by changing focal
adhesion39 which in turn can change the cell adhesion and
growth. So, the cell sense mechanical cues that guide their

FIGURE 7. Relevant scales of cell adhesion. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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adhesion, growth and movements by probing their microen-
vironment at different scales (Fig. 7).

The overall results of this work indicate that the sub-
microenvironment variations (roughness for the samples
with the different degrees of crystallinity) at a scale of 1 3

1 mm2 is similar for all samples and therefore, the critical
role in determining the different cell responses is to be
attributed to the roughness associated to larger areas (20 3

20 mm2) in which larger differences are observed between
the samples.

CONCLUSIONS

Poly(L-lactide) electrospun mats with random and aligned
fiber orientation and films have been produced with degrees
of crystallinity from 0 up to nearly 50%. The surface rough-
ness of the films is independent of the degree of crystallin-
ity for degrees of crystallinity up to 30%, being also
independent of the sampling area for sampling areas form 1
3 1 mm up to 20 3 20 mm. On the other hand, for larger
degrees of crystallinity up to 50%, the surface roughness
strongly increases and also shows a strong dependence on
the sampling area. Finally, surface roughness variations with
degree of crystallinity are smaller in electrospun mats due
to the confinement effect of the fibers.

Samples with 50% of crystallinity (highest roughness)
show the lowest osteoblast and the highest fibroblast
proliferation indicating the relevant role of the sub-
microenvironment in determining cell responses of different
cell types.
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