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ABSTRACT

The prevalence of osteoarthritis, a degenerative cartilage disease that causes joint surface erosion and loss of
mobility, emphasizes the need of producing a functional articular cartilage replacement. Tissue engineering has
been the focus of recent research as a possible strategy for cartilage regeneration and repair. The most widely
used technique for the manufacture of nanofibers is polymer electrospinning. Polylactic acid (PLA) and poly-
caprolactone (PCL) have been proved particularly suitable for nanofiber preparation, with many biomedical
applications. The main aim of this work was to evaluate the behavior of adipose tissue-derived mesenchymal
stem cells (ASCs) cultured on biomaterials of PLA, PCL and a combination of both (PLA/PCL), manufactured by
electrospinning. We analyzed the bioactive properties of these cells in cultures on them, in terms of proliferation,
adhesion, morphology, viability and differentiation. In addition, the influence of the thickness of the fibers in
each biomaterial on these cellular characteristics was evaluated for their use in Cartilage Regenerative Medicine
applications to promote chondrogenic differentiation. Depending on the parameter assessed, different results
were obtained on each biomaterial. Using both polymers successful results on cellular viability were obtained,
although in the case of PCL the cellular response in all the experiments was significantly better. As for the blends,
positive outcomes were obtained, but they did not overtake the characteristics of PCL. Interestingly, ASCs were
able to differentiate into chondrocytes without adding specific chondrogenic media in the three biomaterials
tested. Moreover, a marked cell differentiation on PCL with 1.8 pm-fiber diameter and PLA/PCL blends was
observed. These findings may play a key role in cartilage Regenerative Medicine and Tissue Engineering.

1. Introduction

Tissue Engineering makes use of many different cell types from
which, at first, the most common were adult cells from different tissues

Regenerative Medicine is a multidisciplinary science that encom-
passes principles of engineering and life sciences in order to achieve the
functional regeneration of diseased or injured tissues and organs [1].
Tissue Engineering is a part of Regenerative Medicine science that
combines supporting materials or structures (scaffolds), with biologi-
cally active cells and molecules in functional tissues for the same pur-
pose, ie. to restore, maintain or enhance damaged tissues or organs [2].
In Tissue Engineering strategies two fundamental components have to
be developed and combined: the materials used as scaffolds and the cells
that will colonise these materials [3].
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(autologous or heterologous) grown on different biomaterials in order to
obtain a biological substitute that could solve some kind of defect or
disease [4]. However, these cells have a number of disadvantages, such
as their low capacity for proliferation and differentiation, which pro-
mote the use of mesenchymal stem cells (MSCs), which make up for the
deficiencies of adult cells. The main source of this type of cells is bone
marrow (BMSCs), although these cells are also found in many tissues,
such as adipose tissue. Mesenchymal stem cells derived from adipose
tissue (ASCs) are considered a very promising alternative due to their
easy obtaining, availability and their capacity of expansion and
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proliferation [5]. In addition, ASCs have low immunogenicity and are
able to evade the immune response [6]. As a consequence of the various
advances in molecular biology over the years, much knowledge has been
acquired about the genetic mechanisms that regulate the differentiation
towards osteoblasts and chondrocytes. Furthermore, it is known that
environmental factors also influence the differentiation and control the
expression of these mechanisms [7], so it is at this point where Tissue
Engineering and biomaterials, as well as the specific means of differ-
entiation used, are key issues.

Articular cartilage injury and degeneration, as well as related
arthritis, are among the primary causes of disability globally. For more
than 20 years, cartilage tissue engineering has been studied as a therapy
option for cartilage abnormalities. Various scaffold materials have been
developed for this purpose, but none have yet proven to be feasible and
useful in clinical practice [8]. In the particular event of cartilage
degeneration, this tissue is difficult to repair due to its avascular nature
and limited self-repair capacity [9]. It is known that ASCs have the ca-
pacity to differentiate into chondrogenic cells that are characterized
because they eventually form an extracellular matrix and express
markers such as collagen type II and glycosaminoglycan (GAG)-chained
aggrecan and hyaluronic acid [10] [-] [12]. Consequently, the regen-
eration of cartilage defects is typically addressed by Tissue Engineering
strategies that combine BMSCs with biodegradable scaffolds [13].
However, under the influence of growth factors, ASCs have been found
to undergo chondrogenic differentiation in vitro which could help
cartilage engineering [14].

The use of MSCs in Regenerative Medicine and Tissue Engineering
requires optimal growing conditions and biocompatible scaffolds, such
as three-dimensional fibers produced by electrospinning. Polymer
electrospinning is the most widely used technique for nanofiber manu-
facture, providing physical and chemical characteristics which promote
growth and cell proliferation thanks to the porosity and complexity of
their reticular structure, also easing cell adhesion to biomaterial surface
[15,16]. Recently, in the field of musculoskeletal Tissue Engineering,
nanofibrous scaffolds produced by electrospinning have become
increasingly popular [17]. Electrospun nanofibrous membranes are
obtained from biocompatible and usually biodegradable polymers, have
a high porosity and high surface/volume ratio, and are able to mimic the
structure of the extracellular matrix (ECM) [18]. The electrospinning
technique is simple and versatile, allows processing a wide range of
polymer materials and the resulting electrospun nanofibers are
cost-effective and suitable for a variety of cellular functions [19]. Elec-
trospun nanofibers have diameters ranging from tens to hundreds of
nanometers, as collagen fibers in natural ECM [20]. For cartilage engi-
neering, different types of polymer matrices, such as polylactic acid
(PLA), polyglycolic acid (PGA), polycaprolactone (PCL), collagen type I
and acellular cartilage ones have been successfully proposed [6,14].

Particularly, PLA and PCL have been shown to be ideal for nanofiber
preparation in various biomedical applications, due to characteristics
such as biodegradability and their ability to promote the cell growth,
similar to native tissues and they can partially mimic the topographical
features of the natural extracellular matrix [21,22]. PCL is a biode-
gradable aliphatic polyester commonly used as Tissue Engineering
scaffold, which has become a promising biomaterial since it shows good
mechanical resistance [23], is biocompatible, slowly degradable,
non-toxic and its effectiveness promoted its approval by the FDA for use
in Biomedicine. It is a bioresorbable material, compatible with soft and
hard tissues [24] and is also considered a potential biomaterial for the
growth and differentiation of osteoblastic and chondroblastic cells, as
other authors have already shown [25]. On the other hand, PLA is a
biodegradable and biocompatible aliphatic polyester, which use in
different biomedical applications has also been approved by the FDA
and is widely used in surgery, orthopaedics, orthodontics, traumatology
and other branches of medicine [26,27]. Due to these facts, other au-
thors have already determined its efficacy in Tissue Engineering as a
scaffold intended for the growth and differentiation of mesenchymal
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stem cells for obtaining different cell lineages [28,29]. It has also been
proved that these materials, or variations thereof, by themselves, pro-
vide an environment conducive to differentiation, without using specific
factors or differentiation culture medium [30,31]. This constitutes a
major progress when used in Biomedicine applications, since it would be
easier to obtain new cells of interest at a lower cost and complexity when
culturing cells in/on them.

While both PCL and PLA are linear aliphatic polyesters, they are
different in terms of molecular structure. Thus, PCL is a more robust,
hydrophobic, and crystalline polymer with a slower degradation kinetics
than PLA. Conversely, PLA is stiffer and tougher than PCL [32]. When
PLA and PCL are blended, the advantages of both polymers can be
retained, while their drawbacks can partially be reversed [33]. Elec-
trospun PLA/PCL blends have shown shorter degradation times and
higher mechanical properties than PCL scaffolds, and additionally,
bioactivity has improved. However, blends of these homopolymers have
not been so widely studied as its copolymer, P(LA-co-CL), due to the
immiscibility between PCL and PLA [34]. The use of both homopoly-
mers and its blends give us the chance to tailor the evolution of the
structural integrity of the scaffold throughout its material degradation.

In this context, the aim of this work is to study the bioactive prop-
erties of ASCs when grown on electrospun membranes of homopolymers
of PLA and PCL and their blend (PLA/PCL). We hypothesized that PLA/
PCL membranes could induce ASCs chondrogenic differentiation
without a specific differentiation medium, by a synergistic effect of their
chemical composition and microarchitecture. That’s why the two ho-
mopolymers are compared, as membranes with analogous fiber
morphology. The results forthcoming are expected to be useful in further
studies in cartilage Tissue Engineering, where these cells are of great
interest, but can also find other potential applications where these flat
structures may mimic the damaged tissue.

2. Materials and methods
2.1. Fabrication of PLA and PCL nanofibrous scaffolds

2.1.1. Polymer solutions

Polylactic acid (PLA, INGEO 4042D, Natureworks®) and poly-
caprolactone (PCL, Mn = 70000-90000, Sigma®) were solved in mix-
tures of chloroform (chlor; estb. with ethanol, Scharlab®) and methanol
(met; Scharlab®), while the blend (PLA/PCL) was solved in a mixture of
dichloromethane (DCM; estb. with approx. 50 ppm amylene, Scharlab®)
and dimethylformamide (DMF; Scharlab®). Solution parameters leading
to electrospun membranes with precise fibers of 0.8 + 0.2 and 1.8 & 0.2
pm in diameter (ES 0.8 pm and ES 1.8 pym, respectively) were identified
in a previous work [35]. The solutions were stirred overnight at room
temperature before electrospinning.

2.1.2. Electrospinning

Nanofiber membranes were fabricated by using a homemade elec-
trospinning device. Each polymer solution was introduced in a syringe
with a 24 G (0.31 mm inner diameter) needle, which was placed in a
syringe pump (RS-232, model NE 1000. New Era Pump Systems, Inc.®)
to be pumped through the needle into an electric field set between the
needle-tip and collector, where nanofibers can be eventually collected
thanks to being covered with aluminum foil. A high voltage was applied
during 30 min by using an OL400W-503 voltage source (HiTek Power®)
to eject the polymer solution, which causes its elongation as fibers and
the simultaneous solvent evaporation. The solution parameters, together
with the electrospinning (ES) conditions for each membrane layout
(flow rate, voltage and distance from needle to collector), are listed in
Table 1. Once the ES membranes were obtained, the coated aluminum
foil was stored in a fume hood during 24 h to ensure solvent evaporation.

In parallel, films of each polymer were prepared by solvent-casting as
blanks. Polymer solutions, which have the same compositions as those
for ES-1.8 pm, were poured in Petri dishes and kept in a fume hood for
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Table 1

Parameters of the polymer solution and the electrospinning process to obtain
PLA, PCL and PLA/PCL electrospun membranes (ES) with fibers of 0.8 and 1.8
pm in diameter.
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With the data obtained for these solvents, the surface tension of PLA,
PCL and PLA/PCL films was assessed with the following equation:

ES 0.8 pm ES 1.8 pm
PLA Polymer concentration (% 8 15
w/v)
Solvent ratio (% v/v) chlor:met (66.67:33.33)
Flow rate (ml/h) 2
Voltage (kV) 25 20
Distance to collector (cm) 13
PCL Polymer concentration (% 10 15
w/v)
Solvent ratio (% v/v) chlor:met chlor:met
(70:30) (66.67:33.33)
Flow rate (ml/h) 2
Voltage (kV) 25
Distance to collector (cm) 13
PLA/ Polymer concentration (% 12 20
PCL w/v)
Solvent ratio (% v/v) DCM:DMF (75:25)
Flow rate (ml/h) 2
Voltage (kV) 25 20
Distance to collector (cm) 15

24 h to evaporate solvents. Finally, 150 pm thick electrospun mem-
branes and films were punched out with a diameter of 8 mm and stored
in the refrigerator before characterization.

2.2. Swelling ratio (SR)

Swelling experiments were undertaken using samples with the two
configurations (films and membranes) to assess their hydrophilicity.
Three samples of each polymer were weighed (mg) in a XS105DU bal-
ance (Mettler-Toledo®) and introduced in a multiwell plate with 1 ml of
distilled water each. 48 h later the samples were reweighed (my), after
gently removing excess water with paper tissue. The swelling ratio (SR)
was determined with the following equation:

T M0 100 (%) )}

my

SR=

To exclude any influence of the membranes’ porosities, the swelling
ratio in a humid atmosphere was also determined, by using a sealed
chamber. Inside the chamber was placed a glass of water and maintained
at 37 °C during 48 h before the assay to achieve a saturated atmosphere.
After that, three samples of each polymer were dry weighed and intro-
duced in the chamber, kept closed at room temperature. 48 h later the
samples were also reweighed.

2.3. Surface tension of films

The contact angle of different liquids (water, diethylene glycol and
formamide) on polymer films was measured with a contact angle
equipment DATAPHYSICS OCA20 (DataPhysics Instruments®) to study
their wettability. Diethylene glycol and formamide were purchased from
Sigma®.

Firstly, polar (O’LP ) and dispersive (aLD) components of the surface
tension of the liquids were obtained by the Owens and Wendt model
[36] using poly(tetrafluoroethylene) (PTFE) as the accepted standard
reference surface. Two values were necessary for this purpose: (i) the
global surface tension of each liquid (o;), which was determined with
the drop pendant method (5 drops, 25 pl each) and (ii) the contact angle
of the liquid on PTFE (6prrg) (5 replicates). By this method, the equations
used were:

»  02(cos Opree + 1)

- (2)
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This equation combines Young’s equation relating the contact angle
with the interfacial tension to the Owens and Wendt one for the two
contributions to the surface tension [37]. 6 is the contact angle measured
by dropping 25 pl of each liquid in films and waiting 10 s for its stabi-
lization. From the linear fitting to this equation, the dispersive and polar
surface tension of each polymer, os” and og”, were obtained from the
y-ordinate and the slope, respectively.

2.4. ASCs isolation and cultivation

The experimental procedures developed in this work were approved
by the Medical Committee of the University Hospital of Le6n. Written
consent was obtained from all patients by the Helsinki Declaration of
1975, as revised in 2008, and were following the current Spanish and
European laws (RD 53/2013 and EU Directive 2010/63/EU). Samples of
adipose tissue were obtained from healthy donors during surgical pro-
cedures at the Complejo Asistencial Universitario de Ledn (Spain).

To isolate ASCs, approximately 5 g of adipose tissue-obtained were
digested in Dulbecco’s Modified Eagle Medium (DMEM; Hyclone®)
containing 0.075% collagenase type I (Sigma®) for 2 h at 37 °C under
stirring. The resulting cell suspension was centrifuged at 1200xg for 10
min. After centrifugation, the supernatant was removed and the pellet
obtained was resuspended in DMEM (Hyclone®) supplemented with
10% (v/v) fetal bovine serum (FBS; Hyclone®) and 1% (v/v) penicillin/
streptomycin (Hyclone®) (DMEMc). Isolated cells were multiplied in
monolayer in T150 flasks (Corning®) using low-glucose DMEMc at 37 °C
in a humid atmosphere containing 5% CO-.

2.5. Cell seeding and culture on PCL, PLA and PLA/PCL membranes

PCL, PLA and PLA/PCL membranes were cut into small pieces of 5 x
5 mm, and next washed with Phosphate Buffered Saline (PBS) three
times. ASCs suspensions were seeded on the PCL, PLA and PLA/PCL
membranes in 24-well plates, at the rate of 1 x 10° cells per 100 pl of
DMEMec. After 1 h, 1 ml of DMEMc was poured to each well and cells
were incubated at 37 °C for different times depending on the
experiment.

2.6. Cell viability assay

MTT [3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazol bromide]
assay (Invitrogen®) was performed to discard any cytotoxic effect of the
different biomaterials (attributable to the solvents used for their fabri-
cation) on the cells. Cell viability and proliferation can be determined
through the MTT assay based on the mitochondrial functionality of the
treated cells. ASCs were seeded (1 x 10°) on each biomaterial in 24-well
plates. Analysis was carried out after 1, 7 and 14 days of culture. At each
culture time point, plates were incubated for 3 h at 37 °C with a medium
containing DMEM without phenol red and 10% MTT. A solubilizing
solution of DMSO-Isopropanol (1:1) (Fisher Scientific®) was then added
and the medium was centrifuged for 30 min. Optical density in each well
was quantified at 570 nm with a multiplate spectrophotometer reader
Multiskan GO (Thermo Fisher Scientific®). All the experiments were
developed using three biological and three technical replicates.

2.7. Scanning electron microscopy (SEM) observation
In order to analyze cell morphology, localization and distribution on

the biomaterials all samples were observed by SEM. As a control, a
sample of each cell-free biomaterial was used. ASCs were analyzed at 1,
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7 and 14 days of culture. Samples were first washed with PBS for 5 min
and fixed with 2.5% glutaraldehyde (Sigma®) for 15 min. Subsequently,
the fixative was removed and 3 washes with PBS for 15 min each were
made. Finally, cell dehydration was carried out by making passes of
30%, 50%, 70%, 90% and 100% ethanol, respectively, for 10 min each
and repeating the last two. Once cells were dehydrated, the samples
were introduced in a Critical Point Dryer CPD 030, Baltec, where they
were washed with ethanol. Then, the dried samples were mounted on
the grids and gold coating was carried out for observation in the JSM-
6480 SEM (JEOL®), 16 mm working distance (WD) and 20 kV.

2.8. Cell spreading

To assess the average area occupied by cells on the biomaterials, the
following cell culture protocol was followed using the Live/Dead
viability cytotoxicity kit CF2 (Molecular Probes L3224®). The whole
process was carried out under dark conditions. First, a working solution
was prepared, which is obtained by diluting calcein AM 80 (Fisher
Scientific®) in dimethylsulfoxide (DMSO; Sigma®), 2 pl of calcein +158
L DMSO. 1 x 10° cells were trypsinized, centrifuged for 10 min at
1200xg and resuspended in DMEM. Subsequently, 2 pl of calcein AM
were added for each ml of the resuspended medium. Cells were incu-
bated for 20 min in the dark at room temperature and centrifuged, and
the resulting pellet was resuspended in DMEM.

60 pl of this cell-containing medium were seeded on each biomate-
rial and left in incubation for 1 h at 37 °C to promote cell adhesion.
Subsequently, samples were washed twice with PBS and placed on a
coverslip to analyze their fluorescence with a Nikon® D1 confocal mi-
croscope equipped with 3 lasers, transmission light and EZ-C1 3.70
software®. Images of fluorescent cells obtained were used to estimate
the cell area occupied and the total number of cells on each sample using
the NIH Image J Software®.

2.9. Cellular adhesion

The immunohistochemical technique of phalloidin staining was used
to determine cell adhesion to the biomaterials. This compound prevents
depolymerization of actin filaments, impeding cell movement and sta-
bilizing the microfilaments by inhibiting the ATP-hydrolase activity of
actin F. This way, when staining actin, the number of cells adhered to a
certain material can be determined, since the aggregation of actin is
directly proportional to the number of cells adhered to it.

The first step was to wash the samples with PBS twice for 5 min each
and next fixed with 2% paraformaldehyde (Sigma®) for 15 min. PBS
washings were repeated for 10 min and cells were next permeabilized
with 0.1% TritonX-100 (Fisher Scientific®) solution for 30 min at room
temperature. Subsequently, 3 PBS washings were repeated for 5 min
each. Samples were then stained with 300 pl of Phalloidin-
Tetramethylrhodamine B Isothiocyanate (TRITC; Sigma®) per sample
for 40 min at room temperature and in the dark. 5 min PBS washes were
carried out and finally all samples were stained with DAPI (0.2 pl of
DAPI in 299.8 pl of PBS per sample) for 3 min at room temperature and
in the dark. Samples were observed under a Zeiss® confocal microscope.

2.10. Immunohistochemistry

In order to evaluate the chondrogenic differentiation of ASCs
proliferated on the biomaterials, immunofluorescence staining was
carried out to reveal cartilage specific markers such as collagen type II
and aggrecan. ASCs were seeded at 1 x 10° cells/sample in 2 Lab-tek
chambers (Thermo Fisher Scientific®). ASCs were maintained in
DMEMCc for 21 days, with a media change every 3 days.

To follow the immunohistochemistry protocol, cells were incubated
with mouse anti-human type II collagen monoclonal antibody (1:100)
(Abcam®), and rabbit anti-human brevican/aggrecan polyclonal anti-
body (1:100) (Bioss®) overnight at 4 °C. Next, samples were incubated
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with secondary biotin goat anti-rabbit IgG (1:100) (Invitrogen®). They
were then stained with streptavidin-Alexa 488 and streptavidin Alexa-
568 antibodies (1:400) (Invitrogen®). Finally, cells in chamber slides
were stained with DAPI and examined under a fluorescence microscope
(Zeiss®). The “Image Analysis” module for ZEN Blue (Zeiss®) was used
to analyze and quantify the fluorescence produced by each sample.

2.11. Quantitative real time PCR (qPCR)

After 21 days in culture, chondrogenic gene expression of ASCs
seeded on biomaterials was analyzed by qPCR. Samples were washed
with PBS and stored at —80 °C. Total RNA was extracted using the
GeneMatrix Universal RNA Purification Kit (EurX®). Reverse tran-
scription was accomplished on 1 pg of total RNA using MultiScribe® RT
(Applied Biosystems®) following manufacturer’s instructions of High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems®). Gene
expression of collagen type II (COL2A1) and aggrecan (ACAN) were
determined by qPCR. Assays were carried out using Step One Plus RT-
PCR (Applied Biosystems®) in a total volume of 25 pl containing 0.7
pl DNA template, 1X SYBR Green (EURx®), 400 nM ROX and 0.30 U
uracil-N-glycosylase (UNG) master mix, and 300 nM of each primer.

Relative quantification was carried out normalizing to the endoge-
nous gene ACT-B. Primers were designed using the OLIGO7® primer
design tool (Table 2) provided by Integrated DNA Technologies (Cor-
alville®). All the experiments were developed using three biological and
three technical replicates.

2.12. Statistical analysis

The results of this study are expressed as mean + standard deviation
(SD). Statistical analysis was carried out using the IBM® SPSS® Statistics
17 software. Significant differences among groups were determined
using Student’s T and ANOVA test followed by Tukey’s post hoc anal-
ysis. Results with p < 0.05 were considered statistically significant.

3. Results and discussion

The behavior of ASCs on different biomaterials of PLA, PCL and their
blend (PLA/PCL) was assessed by the introduction of the fiber diameter
as a key factor, through proliferation, cell adhesion and chondrogenic
differentiation assays.

3.1. Characterization of the membranes

Hydrophilicity and wettability are known to play an important role
in cell adhesion and differentiation [38-40]. For this reason, the
swelling ratios and contact angles (and surface tension) were deter-
mined for each acellular polymer substrate (Tables 3 and 4,
respectively).

PCL in any of its layouts shows the lowest swelling ratio, as expected
given its more hydrophobic molecular structure. That of the blend lies

Table 2
Primer sequences used in qPCR.

Gene Genbank number Sequence (5’ to 3")

ACT-p NM_001101.5 Forward Human ACT-f
5-GACGACATGGAGAAAATCTG-3'
Reverse Human ACT-$
5'ATGATCTGGGTCATCTTCTC-3'
Forward Human COL2A1
5'-CTGCTATTGCCCTBTGCCCGGAT-3'
Reverse Human COL2A1
5'-ACACCTCCAACGTCCAGATGACC-3'
Forward Human ACAN
5'-CTGCCCAACTACCCGGCCAT-3’
Reverse Human ACAN

5'-TGCGCCCTGTCAAAGTCGAG-3'

COL2A1 NM_001844.5

ACAN NM_001369268.1
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Table 3

Equilibrium swelling ratio of PLA, PCL and PLA/PCL electrospun membranes
with fiber diameters of 0.8 and 1.8 pm, and films as controls, in distilled water
and in a saturated humid atmosphere.

PLA PCL PLA/PCL

Immersed in water

Films 11.94 + 0.84%
ES 0.8 pm 225.4 + 29.6%
ES 1.8 pm 1067.7 £+ 36.1%
In a saturated humid atmosphere
Films 1.76 + 0.20%

2.98 + 0.82%
74.3 £ 4%
135.7 &+ 24.2%

4.12 + 0.64%
172.1 + 17.8%
523.5 £ 31.3%

0.75 + 0.04% 1.46 + 0.18%

ES 0.8 pm 8.19 + 0.40% 1.87 £ 0.10% 4.23 £+ 0.60%
ES 1.8 pm 8.58 £ 0.27% 1.72 £ 0.20% 4.45 £+ 0.18%
Table 4
Water contact angle and surface tension of PLA, PCL and PLA/PCL films.
PLA PCL PLA/PCL
Owater (°) 59.46 + 0.43 75.40 £ 0.35 66.60 + 0.19
Oformamide (°) 43.34 £ 0.40 58.62 + 0.20 49.24 £+ 0.15
Odiethylene glycol (°) 48.84 £ 0.11 37.68 + 0.25 44.78 + 0.29
6s (mN/m) 42.98 37.31 38.71
6s” (mN/m) 16.56 30.10 22.05
65" (mN/m) 26.42 7.21 16.66

between those of the homopolymers. Interestingly enough, swelling in
liquid water of membranes with 1.8 pm-fiber diameter is higher than
that of analogous membranes with 0.8 pm-fiber diameter: 2- and 5-fold
for PCL and PLA membranes and 3-fold for their blend. Furthermore, the
electrospun format allows more than 20 times more swelling in water for
all membranes than in solvent cast films. This is attributed to the
expansion of the membranes as three-dimensional microporous scaf-
folds, allowing free water to be retained in its pores. This effect is
enhanced when the diameter of the fibers is greater, because the fibers
fall on the collector less intertwined, allowing the membranes to expand
more. Additionally, the greater affinity of PLA with water facilitates the
confinement of water in these pores.

To leave out of account the free water withheld in the pores of these
scaffolds, the membranes and films were in parallel swollen in a satu-
rated humid atmosphere. In this case, the swelling of membranes is
2.3-4.9-fold that of films, not finding any difference attributed to the
diameter of the fibers. This difference between membranes and films
may be an indication of the interconnected inner spaces left as the sol-
vents evaporate from the fibers, which facilitates water diffusion
throughout the fibers. Furthermore, since swelling is dependent on the
accessible surface for the water molecules to be absorbed by the bulk
material (i.e., the effective surface area), similar values shown by
different fiber diameters may indicate similar interface areas.

Water contact angles on the films of different composition, and their
surface tension (o), including dispersive and polar components (¢s” and
og"), are shown in Table 4. These results agree with the swelling ratio,
PCL being the least wettable biomaterial because of its most hydro-
carbonated chain. Conversely, with a lower polar liquid, like diethylene
glycol, the trend was reversed. The surface tension, therefore, is the
lowest for PCL, its polar component representing 19.33% of it, whereas
it increases up to 43.0 and 61.47% for the blend and pure PLA,
respectively.

SEM images of the acellular membranes are shown in Fig. 1. They are
homogeneous in all cases, without defects such as beads, for both pur-
sued fiber diameters (0.8 and 1.8 pm), which were obtained by setting
the main electrospinning parameters (polymer concentration, solvents,
solvent ratio, flow rate, voltage and distance from needle to collector)
for each polymer and targeted diameter. These images also allowed us to
rule out any surface roughness, so that the biological behavior results
can be safely correlated with the polymer nature and the fiber diameter.
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3.2. ASCs culture scaffolds: morphological and bioactive characteristics
on PLA/PCL membranes

In terms of fiber size, it is verified that this physical property is going
to affect the cellular behavior. This is due to the fact that the bioactive
properties and the interaction of the cells with different biomaterials are
modified, affecting the adhesion, the proliferation and the differentia-
tion capacity depending on the fiber diameter [41]. The control of the
biomaterial characteristics is a fundamental step in its development,
since different results will be obtained depending on certain parameters,
characterizing it or not as a suitable candidate for cell adhesion and
proliferation. Electrospun fibers feature a variety of morphological
structures at the surface and in the bulk, depending on the average fiber
diameter. As a result, the fiber size of electrospun materials may affect
surface shape, mechanical and bioactive properties [42,43].

The effect of fiber size on cell behavior was analyzed in materials of
0.8 and 1.8 pm-fiber diameter. In Fig. 2 the proliferation of ASCs for
each culture time on the different biomaterials is shown. Cells were
viable when they were cultured on all the membranes according to the
results obtained from the MTT assay, though the highest proliferation
rate was obtained on PCL membranes with 1.8 pm-fiber diameter. In
fact, it has been shown that cells proliferate faster on a less stiff substrate
such as PCL membranes than on PLA ones [44]. The PLA/PCL membrane
with 0.8 pm-fiber diameter presents significant differences when
comparing cell proliferation on day 1 of the experiment with the rest of
the 0.8 pm biomaterials on days 1 and 7, determining that it is the one
with the highest cell concentration on day 1. A larger fiber diameter
provides a more spacious surface for cells to adhere and allows their
proper expansion. These results are consistent with those of other au-
thors analyzing cell proliferation on PLA and PCL scaffolds, where the
increase in fiber diameter was directly proportional to cell proliferation
[45,46]. A smaller fiber size has been shown to hinder the cell binding to
the scaffold surface and avoid establishing secure adhesion, which could
also be the case here for 0.8 pm. On the other hand, the lower surface
tension of the PLA/PCL blends, and even more PCL substrates, seem to
facilitate cell adhesion and subsequent proliferation with respect to PLA.

Cell morphology and arrangement on each membrane was observed
after 1, 7 and 14 days in culture by SEM. The morphology of ASCs seeded
on PLA, PCL and their blend is shown in Fig. 3. In the case of PLA 0.8 ym
a shortage of cells during the test was observed for all time points; at day
14, some isolated cells appeared onto the fibers of the biomaterial.
However, on PLA fibers of greater diameter (1.8 pm), the opposite oc-
curs: cell growth ranges from a very low cell density, to a compact
monolayer after 14 days. When ASCs were seeded on the PCL mem-
branes from the beginning of the test on day 1, until the end of the test
after 14 days, a single cell layer that completely coats the fibers of the
biomaterials of both diameters (0.8 pm and 1.8 pm) was observed.
Nonetheless, a different cell behavior was found on PLA/PCL surfaces.
On PLA/PCL 0.8 pm, a single layer of cells was observed on the first day,
but cell number gradually decreased until there were hardly any cells
left on the last time point. In contrast, in the 1.8 pm PLA/PCL, very few
cells can be observed at day 1, while on day 14 a higher cell density is
shown, although it was not a monolayer as in other cases.

To analyze the average area occupied by the cells cultured on the
biomaterials and quantify the number of living cells on each one after 1
h of culture, the spreading test was followed. Results obtained are shown
in Fig. 4, left. Images show a significantly higher number of cells in the
case of those biomaterials with a larger diameter (1.8 pm). It can also be
seen that the PCL 0.8 pm membrane has the lowest number of cells on its
surface, in relation to others of the same diameter. As for the bio-
materials with thicker fibers (1.8 pm), it was noticed that the number of
cells adhered was very high and they were also very evenly distributed
throughout the biomaterial.

In order to quantify which of the biomaterials had the largest number
of cells distributed on its surface, the confocal images were analyzed
with the NIH Image J Software®, which allowed the cell count of 3
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biological replicates of each biomaterial after 1 h of culture (Fig. 4,
right). Results obtained were represented graphically in order to see the
differences found between the biomaterials. The 1.8 pm-fiber diameter
PCL (p = 0.034) and the 1.8 pym PLA/PCL (p = 0.017) showed

Days

Fig. 2. MTT assay of ASCs on the electrospun
membranes. The number of viable cells is expressed
as the increased absorbance of the MTT test on days
1, 7 and 14 of culture (from left to right in each
case). # p-value < 0.05 vs. PLA 0.8 pm days 1 and 7.
Statistical differences are indicated as: * p-value <
0.05 vs. PLA 0.8 pm, PLA 1.8 ym, PCL 0.8 pm, PLA/
PCL 0.8 ym days 7 and 14, PLA/PCL 1.8 pm ** p-
value < 0.01 vs. PLA 0.8 pm days 1 and 7, PLA 1.8
pm days 1 and 7, PCL 0.8 pm days 1 and 7, PCL 1.8
pm days 1 and 7, PLA/PCL 1.8 pm days 1 and 7. N
=3.

substantial differences compared to the rest of the biomaterials. How-
ever, significant differences were also seen between them: a much
higher number of cells was found in 1.8 pm PLA/PCL. On the other hand,
as regards to the rest of the biomaterials, no differences were found
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on days 1, 7 and 14 of culture (x220). All the images share the same scale bar: 100 pm (except images with another scale bar in the bottom row).
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between them, so 0.8 pm and 1.8 pm PLA can be considered almost
equivalent in terms of cells found on their surface and the percentage of
cell area used. In summary, best results in cell spreading assay were
obtained in all 1.8 pm membranes mainly when PLA/PCL 1.8 pm was
used. The addition of PLA into a PCL nanofibrous matrix clearly en-
hances cell spreading, likely due to the higher hydrophilic characteris-
tics of PLA, which allows a more favorable three-dimensional cell
environment. These results point out to a synergistic effect of the surface
tension of these polyesters, together with that of the fiber diameter.
Regarding the analysis of cell adhesion to the membranes, ASCs were
stained with phalloidin after 1 day of culture (Fig. 5). Fluorescence of
each sample was quantified using the NIH Image J Software®. Cell
adhesion was much higher and more evenly distributed on the PCL
membranes with a fiber diameter of 1.8 pm. In the rest of the bio-
materials there were very few cells adhered and with a very heteroge-
neous distribution. Although adhesion results obtained in PLA/PCL

blends were significantly higher than on PLA and PCL of 0.8 pm, the best
adhesion values were obtained unquestionably on PCL of 1.8 pm.
Although the hydrophobicity of pure PCL makes in principle its
scaffold adverse to cell adhesion, growth and differentiation [47], this
aspect is improved when the fiber size is increased or PCL is combined
with PLA as blend [48]. Although PLA has successful applications as a
biomaterial in Tissue Engineering, some authors have described the lack
of functional groups that promote adhesion to its surface [21]. In
agreement with these results, this study shows that the proliferation and
adhesion of ASCs increases when PCL is blended with PLA in comparison
with pure PLA. In membranes with smaller fiber diameter, PLA/PCL
blends improved slightly cell adhesion compared to PLA and PCL, but
did not improve the results of adhesion and proliferation obtained with
PCL with a greater diameter. In some point results obtained of cell
adhesion and proliferation seem to be contradictory. However, early
steps of cell adhesion include cell contact, attachment, and subsequent
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Fig. 5. Cellular adhesion. Left: Confocal images of cellular adhesion. All images share the same scale bar: 50 pm. Right: Quantification of fluorescence on each
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adherence of anchorage-dependent cells. Filopodia extension is thought
to be the first point of interaction between the cell and the substratum.
Filopodia firmly connect to the substrate and play a key function in
directing cells on the surface as well as starting the process of modifying
the substratum for better cell adhesion. Physical forces dominate the
early attachment phase, which is devoid of considerable extracellular
matrix (ECM) formation. Cells connected to a surface spread slowly
(usually within hours) over the surface, exhibiting a strong “biological
component of adhesion” that includes ECM secretion and results in the
flattening of cells on the substratum, depending on compatibility with
the surface. The amount of time it takes to complete contact and
attachment phases is determined by a complicated interaction between
the cell and the biomaterial surface [49].

3.2.1. PLA/PCL membranes induce ASCs chondrogenic differentiation
Regarding ASCs chondrogenic differentiation, it was positive in
cultures on all biomaterials. This means that these membranes, with
their respective variations in fiber diameter, provide a favorable envi-
ronment for differentiation without the addition of specific factors or
differentiation culture medium. It has been already observed that the
diameter of PLA fibers used as scaffolds had a key role in the support and
chondrogenic differentiation of mesenchymal stem cells [50,51] and
cells in 3D culture react differently depending on the fiber size [22].
Chondrogenic differentiation was confirmed by analyzing COL2A1
and ACAN genes using qPCR and confocal microscopy. COL2A1 and
ACAN are specific markers of cartilage differentiation. Best results for
the expression of the COL2A1 gene, confirmed using immunofluores-
cence, were obtained in PLA of 1.8 pm and in PLA/PCL for both fiber
diameter (Fig. 6). In previous works, it has already been proved that in
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Fig. 6. Collagen type II expression. a) Confocal microscopy images of collagen type II. ASCs cultured for 21 days. All images share the same scale bar: 50 pm. b)
Quantification of fluorescence on each biomaterial. Statistical differences are indicated as * p-value < 0.05. c¢) Gene expression of Collagen type II (COL2A1) after 21
days in culture. Statistical differences are indicated as **p < 0.01 versus PLA 0.8 pm, PCL 0.8 pm and PCL 1.8 pm.
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PLA biomaterials it is possible to induce differentiation with stem cells
derived from adipose tissue [52]. On PLA membranes, after 21 days of
culture, ASCs could develop more cell-cell interactions, which play an
important role in chondrocytes differentiation and phenotype expres-
sion [53]. Furthermore, in this case, the fiber diameter of the scaffolds
significantly affects the ability of differentiation. These results agree
with other authors, who obtained better results for the expression of the
COL2A1 gene in scaffolds composed of microfibers than in others with
nanometer scale components [54]. A microfiber, which provides a more
spacious surface than a nanofiber, plays key roles in cell signaling, dif-
ferentiation, intracellular transport, cell-matrix interactions and other
cellular events [55]. As for PCL membranes, chondrogenic differentia-
tion was weaker in any of its formats (1.8 pm and 0.8 pm) as compared
to PLA or the blend.

Finally, concerning results obtained for the chondrogenic differen-
tiation evaluating ACAN gene, the combination of PLA/PCL for 1.8 pm
fiber diameter was the best option (Fig. 7). Positive results have also
been shown in differentiation processes with scaffolds that had a weight
ratio of 1/1 in PCL and PLA [56], but in this case the size of the fiber did
not affect the differentiation capacity. The combination of both poly-
meric materials with opposite characteristics results in a more efficient
chondrogenic differentiation for ACAN gene than that of any of its ho-
mopolymers, independently of fiber size.

To sum up, positive fluorescence was obtained for COL2A1 and
ACAN on all membranes. An enhanced chondrogenesis on PLA of 1.8 pm
and PLA/PCL blends of both fiber diameters was confirmed using
confocal microscopy. A weaker gene expression of both genes was found
when ASCs were cultured on PLA of 0.8 pm and PCL biomaterials. These
results are in line with the work of other authors [31] and imply
numerous advantages over the limitations offered by the use of specific
factors, such as growth and differentiation factors. Their half-life is too
short to ensure in vivo efficacy, a single administration is usually not
enough to attain an adequate biological effect, the quantities required
are prohibitively expensive, and continuous protein production in-
creases the likelihood of undesired outcomes [57]. Moreover, a recent
report has described that biochemical (growth factors supplementation)
and physical (nanofiber) cues regulated similar ontological pathways,
suggesting an overlap in the molecular mechanisms that these stimuli
use to control stem cell function [58]. Other authors have demonstrated
that the diameter of PLA fibers used as scaffolds has an influential role in
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the support and chondrogenic differentiation of mesenchymal stem cells
[59]. Although pure PCL hydrophobicity makes the scaffold adverse to
cell adhesion, growth and differentiation [60], our in vitro cell differ-
entiation results showed that electrospun PCL scaffolds were favorable
for chondrogenic differentiation, possibly due to PCL is soft, elastic and
show a relatively low stiffness/modulus due to its rubber behavior at
37 °C as a consequence of a glass transition temperature well below the
cell culture temperature [32,35]. These characteristics are able to pro-
mote the chondrogenic differentiation through mimicking the physio-
logical cartilage formation [61].

4. Conclusions and outlook

Both the composition and microstructure of polymeric biomaterials
are crucial in terms of cell interaction, and slight adjustments, in
particular of the surface tension and fiber diameter, may result in better
or worse candidates for cell adhesion, proliferation and differentiation.
Depending on the parameter assessed, different results were obtained on
each biomaterial. Using polylactic acid (PLA) and polycaprolactone
(PCL) as fibrous cell supports with fiber diameter of 0.8 and 1.8 pm,
successful results in terms of ASCs viability were obtained, although in
the case of PCL the cellular response was significantly better. Positive
outcomes were also attained when blending both polyesters (PLA/PCL)
but the blend did not seem to overtake the outstanding biological per-
formance of PCL in neither of the membrane configurations. Best results
for both cell adhesion and differentiation were obtained using these
biomaterials with a larger fiber diameter (1.8 pm vs. 0.8 pm). Particu-
larly, the use of PCL would be more convenient for cell adhesion,
whereas PLA or PCL/PLA blends would be more appropriate for cell
differentiation. In addition, this study has shown the capacity of ASCs to
differentiate into chondrocytes without the need for the addition of any
differentiation medium. Regarding the combination of both polymers,
more studies would be required to evaluate their properties and finally
tune the best proportion between them for a specific experiment, and
control these features will be key in cartilage Tissue Engineering
development.
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