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The study was conducted to evaluate the cytocompatibility and hydrolytic degrada-
bility of the new poly(lactic acid)/polyethylene glycol-polyhedral oligomeric sils-
esquioxane (peg-POSS/PLLA) nanocomposite as potential material for cartilage
regeneration. PLLA scaffolds containing 0 to 5% of peg-POSS were fabricated by
electrospinning. Human mesenchymal stem cells (hMSC’s) were cultured in vitro to
evaluate the cytocompatibility of the new nanocomposite material. Hydrolytic degra-
dation studies were also carried out to analyze the mass loss rate of the nanocom-
posites through time. The addition of the peg-POSS to the PLLA did not affect the
processability of the nanocomposite by electrospinning. It was also observed that
peg-POSS did not show any relevant change in fibers morphology, concluding that
it was well dispersed. However, addition of peg-POSS caused noticeable decrease in
mean fiber diameter, which made the specific surface area of the scaffold to rise.
hMSC’s were able to attach, to proliferate, and to differentiate into chondrocytes in
a similar way onto the different types of electrospun peg-POSS/PLLA and pure
PLLA scaffolds, showing that the peg-POSS as nano-additive does not exhibit any
cytotoxicity. The hydrolytic degradation rate of the material was lower when peg-
POSS was added, showing a higher durability of the nanocomposites through time.
Results demonstrate that the addition of peg-POSS to the PLLA scaffolds does not
affect its cytocompatibility to obtain hyaline cartilage from hMSC’s.

Keywords: PLLA; peg-POSS; nanocomposite; electrospinning; chondrocyte;
stem cells; scaffold; cartilage repair; hydrolytic degradation

1. Introduction

The number of patients suffering from cartilage injury or wear is steadily growing. One
of the most common disorders affecting the cartilage worldwide is osteoarthritis (OA),
which has an expected exponentially increasing societal impact due to aging popula-
tions and the rising prevalence of obesity in Europe.[1] Articular cartilage is a highly
specialized tissue that reduces joint friction and protects the bone ends from the shear
forces associated with high mechanical load. This tissue shows a poor regenerative
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capacity due to the lack of blood supply and the inability of native chondrocytes to
proliferate and participate in regeneration at the injury site.[2,3]

One of the most effective methods of cartilage repair is tissue engineering approach,
which involves the collaboration between medicine, biology, and engineering. Numer-
ous studies have been carried out focusing in these subjects.[4–7] From the medical
point of view, human mesenchymal stem cells (hMSC’s) are a promising cell source
for the engineering of cartilage tissue, due to their intrinsic capacity to differentiate to
chondrocytes.[8] To improve the results in the healing of articular cartilage, as seen in
Ohba’s review,[9] research groups have generated articular cartilage through the in vitro

differentiation of hMSC’s on scaffolds. The whole set of hMSC’s cultured into the por-
ous polymeric scaffold is then implanted inside the body once the hMSC’s have prolif-
erated and differentiated in specific cells and new cartilage has been engineered. The
scaffold needs to disappear progressively to allow new tissue regeneration. Thus, the
controlled hydrolytic degradability of the material and the bioresorbability of the result-
ing products by the body are essential requirements of the scaffold, and require an
engineering approach.[10] The engineering studies have been mainly focused on the
material science since many new medicine applications have been developed due to the
progress in the synthesis of new biomaterials and the discovery and modification of
natural materials.[11] This modification includes the incorporation of other materials
like additives or nanomolecules.[12–15] As the hydrolytic degradation rate is an impor-
tant parameter which needs to be controlled, some works have analyzed the degradation
through time of the material after adding various types of additives.[16–20] These stud-
ies become useful in order to introduce a material to the market with a controlled
hydrolytic degradation rate. This kind of research is essential to overcome the difficul-
ties caused by the lack of donors or the lack of patient’s own material (auto-graft) that
usually occur in cartilaginous diseases and other problems like patient–donor incompat-
ibility.[21–23] Thus, the research on new biomaterials like nanocomposites [24–26] has
become a new way to progress in the tissue engineering field.[27]

The PLA is a thermoplastic polymer widely used in several markets, and it is mainly
characterized by its biocompatible and bioresorbable properties. It also has good strength
and stiffness.[28] Three different lactides can be formed from the combination of the
two optically active stereoisomeric forms (L- and D-) of the PLA: L-lactide, D-lactide,
and the meso-lactide form made from a mixture of D- and L-enantiomers generally
called D,L-lactide. For the production of medical polymers, L- and D,L-lactide forms
are used almost exclusively,[29] being the L- form (PLLA) the most commonly used by
its higher biocompatibility and degradation time.[30]

The polyhedral oligomeric silsesquioxanes (POSS) are a novel and interesting kind
of nanomolecules due to their hybrid chemical composition and their 3D cage-shaped
structure. The inner polyhedral structure consists of silicon and oxygen atoms sur-
rounded by several organic groups covalently bonded to the silicon atoms. These
organic groups can be modified to obtain a wide variety of polarities and reactivi-
ties.[31] Choosing properly these organic groups, POSS nanomolecules have been
added via casting or melting to some commodities,[32] engineering polymers,[33,34]
and high-performance polymers like polyimide (PI).[35] Up to date there are not so
many applications regarding this kind of nanomolecules applied to biological purposes;
POSS added to a polymer like poly(ethylene glycol)-α,ω-acrylate [36] or to polyester
urethane [37] are some examples. Nevertheless, the effect in the biocompatibility of the
PLLA after adding poly(ethylene glycol)-POSS (peg-POSS) is unknown. Thus, a com-
plete biological study over the hMSC’s culture, proliferation, and later differentiation
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into chondrogenic tissue is compulsory to check if the material is suitable for medical
purposes. In the present work, apart from the nanocomposite’s cytocompatibility tests,
the fiber morphology after adding peg-POSS, and the effect over the electrospinning
process parameters will be also studied. It is worth mentioning that, in preliminary
studies carried out by our group, the addition of peg-POSS has been probed to enhance
the crystallization behavior of PLLA and consequently, its mechanical properties.

This work studies the effect of the addition of different amounts of peg-POSS nano-
molecules over the biological and hydrolytic degradation properties of PLLA. The aims
are to check the effect of the addition of these nanomolecules over the cytocompatibili-
ty of the resulting new nanocomposite oriented to the chondrocyte culture and subse-
quent cartilaginous tissue growing, and to control the hydrolytic degradation rate
through time of this nanocomposite. The effect of the addition of these molecules over
the scaffold morphology and over the electrospinning process is studied too. To the
best of our knowledge, this is the first paper about a poly(lactic acid)/polyethylene
glycol-polyhedral oligomeric silsesquioxane (peg-POSS/PLLA) nanocomposite concern-
ing biomedical applications.

2. Materials and methods.

2.1. Materials

The poly(L-lactide) used in this work (PURASORB® PL 18, PLLA), with an average
molecular weight of 217.000–225.000 g/mol, was purchased from PURAC® Biomateri-
als (The Netherlands). The POSS nanomolecules peg-POSS, with an average molecular
weight of 5576.6 g/mol, were obtained from Hybrid Plastics® (USA), and used as
received. The chemical structure of the peg-POSS is shown in Figure 1. It can be high-
lighted that POSS nanostructures have a diameter in the range 1–3 nm.[38] The sol-
vents N,N-dimethyl-formamide (DMF) and trichloromethane (Chloroform) used were
obtained from CHEMPUR® (Poland).

The amount of peg-POSS used was 1 and 5% w/w relative to the 1 g nanocomposite.
The description of the different samples prepared is shown in Table 1.

Figure 1. Chemical structure of peg-POSS.
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2.2. Fabrication of peg-POSS/PLLA scaffolds by electrospinning process

The two nanocomposites were prepared by dissolving PLLA and peg-POSS in chloro-
form and DMF (90:10). The solution was placed in a sealed bottle and mixed in an orbi-
tal shaker for 3 h, until complete dissolution. Afterwards the solution was left overnight
to ensure polymer chains disentanglement before being spun. Another solution contain-
ing PLLA only was prepared as control. The fibers were fabricated by electrospinning
technique under the conditions shown in Table 2. About 0.4 ml of each solution was
placed into a 1 ml plastic syringe (Brand®, Germany) and pumped by a syringe pump
(New Era Pump Systems®) at a feeding rate of 0.4 ml/h. A 1 cm long blunt-end needle
with an outer (inner) diameter of 0.45 mm (0.27 mm) was placed in the syringe. The
equipment was setup vertically and the distance between the needle tip and the collector
was adjusted to 20 cm. The randomly oriented fibers were collected in a static plate cov-
ered by a 5 cm × 12 cm aluminum foil connected to the ground as shown in Figure 2.
The aluminum foil was impregnated with a surfactant to ease the remove of the fibers.
A high voltage of 15 kV was applied to the system by a high-voltage regulated DC
power supply (EMCO®, USA) to generate the polymer jet. The collection time was
around 1 h. Finally, the aluminum foil with the fiber mat was removed from the plate
and cut as 1 cm × 1 cm squares to be used for cell culture study. All the equipment was
placed into a 1 m × 1 m × 1.5 m polycarbonate box to be electrically isolated from

Table 1. PLLA and peg-POSS amount of the different nanocomposites.

Denomination Description

PLLA0 PLLA
PLLA1 +1.0% w/w peg-POSS
PLLA5 +5.0% w/w peg-POSS

Table 2. Selected conditions for the electrospinning process.

Parameters Electrospinning parameters

Solvent Chloroform 90% +DMF 10%
Feeding rate 0.4 ml/h
Distance 20 cm
Voltage 15 kV
Spinning time 1 h

Figure 2. Electrospun peg-POSS/PLLA scaffold. (a) optical view; (b) SEM image.
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outside and to avoid the environmental pollution. A solution of propan-2-ol and water
(70:30) was used to disinfect the system. The experiments were carried out at room tem-
perature (20–25 °C) and at an ambient humidity of around 45%.

2.3. Structural morphology of the peg-POSS/PLLA scaffolds

The morphology of the electrospun peg-POSS/PLLA scaffolds was analyzed by a scan-
ning electron microscope (SEM, JSM-5500 LV, JEOL®, Japan). The photographs were
taken under the following conditions: magnifications 500–5000, accelerating voltage
15 kV (SEM working conditions). Before the analysis, the scaffolds were coated with
gold in an ion sputter coater machine (Polaron SC7620, Quorum Technologies Ltd,
England) under the following conditions: argon atmosphere, current 20 mA, time 90 s.
ImageJ Program (NIST, USA) was used to find the fiber diameter. For each sample
three SEM images were acquired, and 33 measurements were done from each image.
The measurement was done perpendicular to the fiber’s axis. The pore size was calcu-
lated as follows:

Scaffold density (ρscaffold) (1) was calculated from scaffold area and scaffold thickness
(taken from SEM images).

qscaffold ¼ scaffold mass= scaffold thickness scaffold areað Þ (1)

Scaffold porosity (ε) (2) was calculated according to Hu et al. [39] by gravimetry from
the scaffold density (ρscaffold) and the material density (ρPLLA= 1.25 g/cm

3).

e ¼ 1 # qscaffold=qPLLAð Þ (2)

Characteristic pore diameters (3) of the peg-POSS/PLLA scaffolds were calculated
according to Tomadakis and Robertson [40].

d3D ¼ #x=ln ðeÞ (3)

where ω is the average fiber diameter (calculated from ImageJ program), and ε is the
scaffold porosity.

2.4. Viscosity measurements of the peg-POSS/PLLA nanocomposites

The viscosity of the different nanocomposites was measured through an automated fall-
ing ball micro viscometer (Anton Paar® AMVn, Germany). This device allows the
determination of the dynamic viscosity of liquids with an experimental error in deter-
mining the time of ball falling below 0.002 s. The control of the temperature of the
fluid is done using Peltier elements integrated in the device which allow a temperature
adjustment of 0.05 °C accuracy. The measured solution was prepared solving PLLA
and PLLA with different amounts of peg-POSS (1 and 5% w/w) in chloroform at room
temperature. The solute concentration in the solution was 0.846% w/w for every sam-
ple. The solution was placed into a capillary and the set was automatically positioned
by the machine at different inclination angles of 40º, 50º, 60º, and 70º.

2.5. Hydrolytic degradation studies

2.5.1 Preparation of the samples

The samples for the hydrolytic degradation studies were prepared by solvent casting:
PLLA and peg-POSS (0, 1 and 5% w/w relative to the 1 g nanocomposite) were
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dissolved in 25 ml of chloroform at room temperature. The solution was mixed with a
magnetic stirrer until completely dissolved. The different solutions were poured into
Petri dishes (Ø100 mm), and the solvent was evaporated over 24 h at room temperature
and another 24 h in a forced air heater at 35 °C, thus obtaining the peg-POSS/PLLA
films without any remains of chloroform. The 30 × 20 mm2 samples were obtained
directly from these films with a scissors.

2.5.2. Hydrolytic degradation procedure

The hydrolytic degradation procedure was carried out following the ASTM F 1635-11

standard. Twenty-seven samples, 9 replicates of each nanocomposite (PLLA1 and
PLLA5), and PLLA0 as control were placed individually in sealed bottles containing
Dulbecco’s phosphate-buffered saline physiological solution (Gibco® DPBS, Life Tech-
nologies™ – Invitrogen™, USA). The physiological solution was prepared mixing
DPBS and calcium chloride with double-distilled water following the manufacturer
instructions. The whole set of bottles was placed into a laboratory water bath (OVAN®

BATH200-12L, Spain) filled with double-distilled water at 37 °C, the human body tem-
perature. The PBS was renewed weekly for a fresh one in order to ensure a stable pH
during all the experiment. The experiment lasted 12 weeks and included 3 checkpoints:
4, 8, and 12 weeks. Every checkpoint, nine samples (three replicates of each different
material) were extracted from the bath and analyzed.

2.5.3. Weight measurement

The samples were weighted before and after the experiments in a high-precision micro-
balance (OHAUS® GALAXY™ 110, USA). The procedure consisted of cleaning and
rinsing the extracted samples with distilled water after every checkpoint and drying
them in a forced air heater at 35 °C for 72 h until the difference in weight was lower
than 0.05% change in 24 h. Each sample was weighted three times, both before starting
the experiment and after every checkpoint, and the average weight was calculated. The
weight loss percentage was then calculated and expressed as mean ± standard deviation
(SD).

2.5.4. pH measurement

The pH of the physiological solution was measured weekly with a pen-type electronic
pH meter (PCE-PH22®, PCE Instruments®, Spain). As the physiological fluid was
renewed every week for a fresh one, the pH was measured weekly before and after the
experiment. The objective was to ensure that the pH values are within the limits of the
physiological range of 7.4 ± 0.2 through the whole experiment.

2.6. Cell culture and seeding

Human bone marrow-derived mesenchymal stem cells (hMSC’s) were obtained from
Inbiobank Stem Cell Bank (www.inbiobank.org). All cells were processed at Inbiobank
following manufacturing procedures under ISO9001:2000. Generated hMSC’s display a
typical CD13+, CD29+, CD73+, CD90+, CD105+, CD166+, CD34−, CD45−, and
CD31− phenotype, and at least trilineage potential including osteocyte, chondrocyte,
and adipocyte generation. hMSC’s were cultured in low-glucose Dulbecco’s modified
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Eagle’s medium (DMEM, Sigma-Aldrich®, USA) supplemented with 10% fetal bovine
serum (FBS, Sigma-Aldrich®, USA) selected for MSC optimal growth. All the
experiments were carried out with hMSC’s having 11 or less passages. About 12
replicates (1 × 1 cm) of each material (PLLA0, PLLA1 and PLLA5) were cultured. For
all experiments, hMSC’s were seeded at a density of 2 × 105 cells/scaffold on a 24-well
plate, and were cultured with basal medium for 2 weeks. The medium was replaced
every 2–3 days. It should be added that the scaffolds were moved to a fresh well 5 days
after the seeding in order to avoid the interference with the cells that were growing on
the plate surface.

For the chondrogenic differentiation, after proliferation period, hMSC’s were
induced to differentiate to chondrocytes by culturing them during 6 weeks with
STEMPRO® Chondrogenesis Differentiation Kit (Life Technologies™, USA), following
the manufacturer instructions.

2.7. Phase contrast and fluorescence microscopy

Cells were analyzed under inverted microscope (Nikon®, Japan) with phase contrast
lenses and photographed with a digital camera (Canon®, Japan). To visualize the nuclei
of the cells, they were stained with Hoechst 33342 dye (Sigma-Aldrich®, USA) and
examined under a fluorescence microscope (TE2000, Nikon®, Japan). Cartilage forma-
tion was revealed through specifically staining with alcian blue (Sigma-Aldrich®,
USA). Two replicates of each material were analyzed.

2.8. Scanning electron microscopy

Cells were washed in PBS, fixed in 2% glutaraldehyde in 0.1 M Sorensen’s buffer
(pH 7.2), washed in Sorensen’s buffer with 4% sucrose, postfixed in 1% osmium
tetroxide and washed in Sorensen’s buffer. Samples were dehydrated through an ethanol
series, immersed twice in hexamethyldisilazane before air drying and being gold coated
in an ion sputter coater machine (JFC-1100, JEOL®, Japan). Images were acquired with
a SEM (S-3400 N, Hitachi®, Japan). A replicate of each material was analyzed.

2.9. Biochemical analyses

Sulphated-proteoglycan content in the PLLA scaffolds was measured after hydrolysis in
25 U/ml papain (Sigma-Aldrich®, USA) at 60 °C overnight with Blyscan™ Glycosami-
noglycan Assay (GAG, Biocolor®, UK). Six replicates of each material were analyzed
at this stage: four were used for the GAG analyses, and the remaining two to obtain
the microscope images.

2.10. Real time PCR analysis

Total RNA was isolated from cells using High Pure RNA Isolation Kit (Roche®,
Switzerland) following the manufacturer’s instructions and quantified with a spectro-
photometer (NanoDrop™ 2000, Thermo Fisher Scientific®, USA). Real time amplifica-
tion with SYBR® Green (Life Technologies™, USA) detection was performed on a
7900HT Fast Real Time PCR system (Applied Biosystems®, USA) at 95 °C for 10 min
followed by 40 cycles of 95 °C for 30 s, the annealing temperature specific for each
primer set, collagen type I (COL1) and glyceraldehyde 3-phosphate dehydrogenase
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(GAPDH) at 55 °C, and collagen type II (COL2) at 58 °C, both for 1 min, and a final
extension step of 72 °C for 1 min. Appropriate no-template controls were included in
each 96-well PCR reaction, and dissociation analysis was performed at the end of every
run to confirm the specificity of each reaction. Three replicates of each material were
analyzed. All samples were tested in triplicate and the values of the relatives amounts
of the different mRNAs were calculated using the Pffafl method.[41] hMSC’s
proliferated onto same scaffolds were used as calibrators and GAPDH gene was used
as internal control.

3. Results

3.1. Electrospinning process setup

Through the electrospinning process, very fine polymer fibers with diameters ranging
from the micro- to the nano-scale can be obtained.[42] It is generally known that a
highly porous microstructure with high-specific surface area gives an advantage for cell
culture and growth.[43] Nanofibrous form of PLLA has an additional benefit: the con-
stant drainage of thin nanofibrous filaments prevents from accumulation of L-lactic acid
in remaining polymer. Such accumulation causes acceleration of hydrolysis of thick
polyester implants caused by autocatalytic effect. At the end of the polymer degradation
process, the accumulated lactic acid bursts from the remaining polymer affecting the
cells growing on the scaffold. The authors have worked with a type of polyesters
(aliphatic polycarbonates) that produce very weak carbonic acid during the hydrolysis
and are free from autocatalytic hydrolysis.[44–47] In cartilage regeneration, an intercon-
nected porous structure with an adequate pore size (distance between fibers) is
required.[11,48,49] In the literature, many studies relating the effects of the pore size
over the chondrocytic cell culture can be found. Some of them report pore size ranges
such as 50–500 μm,[50] 100–400 μm,[51] 150–200 μm,[52] 2–465 μm,[53] and
10–120 μm.[54] Although they present similar values there does not exist a general
agreement, except for the minimum pore size which should obviously be larger than
the cell’s own size (around 5–15 μm).[53] In any case, in all these works where differ-
ent pore size ranges were reported, the cell culture was successfully accomplished. The
objective of the work is to obtain this highly porous interconnected structure made
from peg-POSS/PLLA by means of the electrospinning process. Detailed process set-
ting is required as the electrospinning process depends on the adjustment of several
parameters by means of experimental trials. This search of the most stable process has
been performed following the guideline of previous works conducted with some other
polymer trials.[55,56] The selected parameters have been maintained for the spinning
of the three materials: PLLA0, PLLA1, and PLLA5. There are some key parameters
that could affect the process in a greater extent than others. They are the type and poly-
mer concentration, the solution feeding rate, the distance between the nozzle and the
target, the applied voltage, and the spinning time. There are other parameters not as
significant as these ones like environmental conditions (temperature and ambient
humidity), collector type, and needle type. The rest of parameters remained unchanged.

A comparison between two solvents (chloroform-DMF and trifluoroethanol) was
carried out to check if the spinning of the solution was possible and to compare the
solvent effect into the fibers morphology. The tests for both solvents were made under
the same conditions of distance, feeding rate, and applied voltage; conditions that were
subsequently analyzed in details. The electrospinning of both solutions was possible.
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In Figure 3, a comparison on fiber morphology between both solvents is shown. Some
differences in the fiber morphology can be observed: for the chloroform-DMF solvent
(left), the fibers are not welded together, whereas in the case of the trifluoroethanol
fibers are slightly welded (right). This effect was probably due to a faster evaporation
of the chloroform-DMF solvent as the ejected fiber dries up before reaching the target.
In the case of the trifluoroethanol, the fibers were still wet when reached the target, and
welded to the previously spun fibers. A chloroform-DMF solvent was chosen as the
effect of fiber bonding was not significantly pronounced.

Some of the key parameters affected directly the process regime, and their correct
adjustment was significant to ensure the quality of the electrospinning process. One of
the main problems consists in the electro-spray effect, which ejects polymer droplets
instead of fibers to the target. Electro-spraying is directly influenced by the
polymer–solvent relationship and the voltage applied. In the first case, the proper
polymer–solvent content relationship was studied. Basically, phase separation of the
polymeric solution should be avoided in order for the spinning process to occur, and as
such, care must be taken to choose the proper polymer–solvent system. Some solvent

Figure 3. SEM images showing differences in fibers morphology between different solvents:
chloroform-DMF (left) and trifluroroethanol (right). Photos are shown with different magnifica-
tions.
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compositions were analyzed by doing some experimental trials with the electrospinning
equipment and checking the resulting fibers with an optical microscope. For that pur-
pose the solution was spun over a glass slide, placed in turn over a copper grid used as
counter electrode. The solvent percentages analyzed were in the ratios 50:50 and 53:47
(both without success), 75:25 (some fibers appeared), and 90:10. Finally, this 90:10
chloroform–DMF solvent mix was used as the chosen value since a great density of
fibers appeared and the difference between them, seen by means of the optical micro-
scope, was negligible.

In the second case, once the correct solvent composition was selected, the applied
voltage was also analyzed as a key parameter causing directly the electro-spray effect.
The same spinning set was used in the electrospinning machine: a copper grid was used
instead of an aluminum foil, with some glass slides placed on it. The samples were
taken on these glass slides of 60 mm × 24 mm, during approximately 2 min. After
this time, the glass slide was replaced by a new one and the voltage was increased in
2.5 kV (the voltages programmed to test in this experiment ranged from 2.5 to 30 kV).
The samples were then analyzed in the optical microscope to compare the results. The
minimum spinning voltage resulted in 7 kV. Below this value, electrospinning did not
work and the electro-spray effect appeared. For values higher than 15 kV, some
instability appeared in the jet but it did not apparently affect the fiber morphology. It
does not seem to be big differences neither in the morphology nor in the amount of
fibers caused by the change of voltage. An intermediate voltage of around 15 kV was
chosen taking into account this equality among the results and the experience of the
work performed with other polymers.[57,58]

The feeding rate represents another key parameter, since the needle tip must be fed
with the proper quantity of solution before being spun to the target. A lack of material
would cause an irregular and discontinuous jet to the target (also disappearance of the
Taylor’s cone), and an excess of material accumulated in the needle tip would lead to
the possibility of this exceeding material to be thrown as big droplets to the target, con-
sequently damaging the scaffold. In Figure 4, a comparison between two different feed-
ing rates and the effect of a lack of material caused by insufficient feeding rate are
shown. The spinning has been made with provisional values of 15 kV of applied volt-
age and 20 cm of distance between needle and target, and samples have been taken dur-
ing 2 min and analyzed by optical microscope. It can be observed that, for the first
picture, the feeding rate of 0.1 ml/h was not enough as very irregular and curly fibers
were spun. Valid fibers were obtained with feeding rate values above 0.4 ml/h. For
upper values there were not differences. A value of 0.4 ml/h was finally selected.

The irregular jet-like ejection represents a problem as extremely curly fibers are
produced. Another cause of this effect could be due to the lack of attraction among the
electrodes that depend mainly on the distance between them (between the needle tip
and the target as counter-electrode) and the spinning time (directly proportional to the
fiber mat thickness). According to the distance, a short one between the needle tip and
the target would cause the fiber to reach the target in the unstable regime of the
Taylor’s cone, and a big distance would cause the disappearance of the attraction
among electrodes, consequently throwing irregular fibers towards the target in both
cases. An intermediate distance between electrodes must be selected. In our case, the
distance was set to 20 cm. The spinning time is another key parameter that controls the
proper ejection of fibers. It is limited by the maximum mat thickness that can be spun
by this process and these conditions, since the polymer mat itself acts as an insulator
and when a maximum thickness mat is reached the attraction among electrodes
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decreases and consequently the fiber reaches to the target in an irregular manner. The
spinning time was set to 1 h.

3.2. Electrospun peg-POSS/PLLA fibrous scaffolds

In Figure 5, some SEM photographs comparing different fiber materials are shown. As
a first view, a decrease in fiber diameter as the peg-POSS concentration increases can

Figure 4. Optical microscope photographs showing a comparison between two different feeding
rates: 0.1 ml/h, showing curly fibers (left) and the selected feeding rate of 0.4 ml/h (right). The
test was carried out with a solution of PLLA with a 10% wt. of peg-POSS.

Figure 5. SEM photographs comparing the PLLA0, PLLA1, and PLLA5 samples, with different
magnifications and fiber diameter measurements.
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be observed, which is confirmed by the statistical diagrams shown in Figure 6. The
results of the statistical analysis (mean fiber diameter and SD) are also displayed in
Figure 6 and Table 3.

In Figure 5, it can be also seen that the scaffold is porous due to the cavity between
fibers. The characteristic pore diameter and the porosity of these scaffolds are displayed
in Table 3.

It was also observed in the photos that the addition of peg-POSS did not show any
relevant change in fibers morphology. Since the diameter was regular along the fiber,
no peg-POSS agglomeration was observed. It can be concluded that the peg-POSS is
well dispersed into the fibers.

Regarding to the amount of solvent, the amount of PLLA was almost the same for
the three spun samples (1 g, 0.99 g and 0.95 g for PLLA0, PLLA1, and PLLA5, respec-
tively), so the polymer concentrations slightly changed and were around 9.20, 9.10,
and 8.74% w/w, respectively. The directly proportional influence between the polymer
concentration and the fiber diameter previously seen in other articles was observed.[59]

Figure 6. Statistical diagrams and results (mean fiber diameter and SD) of the PLLA0, PLLA1,
and PLLA5 samples.

Table 3. Selected conditions for the electrospinning process.

Sample PLLA0 PLLA1 PLLA5

Thickness (μm) 45 ± 5 55 ± 5 52 ± 5
Scaffold porosity (ε) 0.89 0.9 0.92
Mean fiber diameter (ω) (μm) 0.884 ± 0.39 0.483 ± 0.25 0.499 ± 0.23
Characteristic pore diameter (d3D) (μm) 7.59 ± 3.35 4.58 ± 2.37 5.98 ± 2.76
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The values of the dynamic viscosity and the standard deviation for the chloroform
and the three measured samples (PLLA0, PLLA1, and PLLA5) were: 0.6017 ± 0.0003
mPa.s, 2.3428 ± 0.0019 mPa.s, 2.3475 ± 0.0028 mPa.s, and 2.2193 ± 0.0113 mPa.s,
respectively (Figure 7). The standard deviation values cannot be observed in the graph
because they are too small in comparison with the dynamic viscosity values.

The fiber mat thickness was finally around 15–20 μm as shown in Figure 8.

3.3. Hydrolytic degradation studies

The hydrolytic degradation studies displayed in Figure 9 showed that the weight loss
was around the 6% for all the samples (PLLA0, PLLA1, and PLLA5) extracted after
the first 4 weeks (6.24% ± 0.35, 5.4% ± 0.16, and 6.37% ± 0.21, respectively). The

Figure 7. Dynamic viscosity values for the chloroform and the PLLA0, PLLA1, and PLLA5
samples.

Figure 8. Thickness of the PLLA1 electrospun scaffold.
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weight loss of the samples extracted after 8 weeks was 7.48% ± 0.33, 6.44% ± 0.39, and
6.88% ± 0.19, respectively. The weight loss of the samples extracted after 12 weeks was
7.29% ± 0.26, 6.69% ± 0.17, and 6.8% ± 0.18, respectively. It can be seen that the maxi-
mum weight loss occurs after the first 4 weeks, probably due to a fast hydrolysis of the
PLLA on the external layers of the sample. This could be even helped by an initial dis-
solution of the peg-POSS nanomolecules located on the surface, which are water solu-
ble and can be considered excretable because their much lower molecular weight. After
8 weeks, the absolute weight loss rate of the samples was greater than that of the sam-
ples extracted after the first 4 weeks; but was not as greater for the relative weight loss,
as the difference between these two checkpoints was around the 1%. In the final check-
point of the experiment (12 weeks), the absolute weight loss percentage was the biggest
for the PLLA1 sample, but not for the other two samples, whose values were similar or
slightly lower than those of the samples extracted after 8 weeks. The relative weight
loss percentage of the samples extracted after 12 weeks was bigger than that of the
extracted after 4 weeks ones.

In Figure 9, it can be seen that the weight loss after the first 4 weeks tends to stabi-
lize. This behavior could be related to the fact that, when samples were extracted from
the fluid, they presented a kind of skin over the surface, probably due to the deposition
of PBS salts and debris of hydrolytically degraded polymer and peg-POSS. This skin
could obstruct the hydrolysis process and the exchange of polymer at the sample–fluid
interface. A similar effect was found to happen in poly-D-L-lactide/nano-hydroxyapatite
nanocomposites.[16] The weight loss of the PLLA1 and PLLA5 samples was lower for
every checkpoint than that of the PLLA0, indicating an increased durability of the
nanocomposites. The peg-POSS seemed to delay the hydrolytic degradation of the
PLLA. On the other hand, the weight loss of the PLLA1 sample is lower than that of
PLLA5, indicating a possible saturation of the polymer.

The pH remained within the limits (7.4 ± 0.2) during all the experiment. Neverthe-
less, a small decrease in the pH values was observed weekly as the samples became
degraded: the pH of the fresh PBS was around 0.2 higher than the pH of the final PBS
containing debris of hydrolytically degraded polymer and peg-POSS. This effect was
reported to happen due to the release of lactic acid.[60]

Figure 9. Weight loss percentage of the nanocomposites after the checkpoints.
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3.4. Cell morphological studies

hMSC’s were cultured onto electrospun peg-POSS/PLLA scaffolds for 2 weeks. After
that period, cells were stained with Hoechst dye to study their viability and attachment
capacities. Figure 10 displays the stained nuclei of hMSC’s onto PLLA0, PLLA1, and
PLLA5.

These pictures evidence that hMSC’s were able to attach and to spread onto the
three different electrospun peg-POSS/PLLA and pure PLLA scaffolds. It was also
observed that the addition of peg-POSS nanomolecules has not decreased the cell via-
bility.

hMSC’s are adult stem cells capable to differentiate into cartilaginous lineage. To
complete an optimal chondrogenic process, it is very critical to get an appropriate cellu-
lar confluence. SEM studies were performed to confirm whether hMSC’s reached opti-
mal confluence for their differentiation into chondrocytes.

hMSC’s cultured for 2 weeks onto three different scaffolds (Figure 11(a)–(c)) formed
a continuous sheet, with similar appearance under scanning electron microscopy. The
detail (Figure 11(d)) shows the sheet formed on the fibers containing 1% w/w of POSS.
These results predict a high-quality subsequent chondrogenesis process.

The extracellular matrix (ECM) rich in glycosaminoglycans (GAG) deposition is a
characteristic of mature functional chondrocytes.[61] Cartilage is 15–25% GAG dry
weight.[62] Proteoglycans make up ECM of articular cartilage and contribute to its
mechanical properties.[61,63] hMSC’s were induced to undergo chondrogenesis for
6 weeks and after that, each scaffold was stained with alcian blue which specifically
stains GAG.[64]

Figure 12 shows the aggregates of cartilage containing blue GAG stained on three
different scaffolds. These results demonstrate the presence of GAG in all electrospun
peg-POSS/PLLA scaffolds.

In order to compare the ability of hMSC’s induced differentiation onto electrospun
peg-POSS/PLLA scaffolds to produce GAG, the amount of GAG generated was mea-
sured in each scaffold. All the scaffolds exhibited a high degree of GAG production.
Moreover, the degree of GAG secretion was similar for all of them. As depicted in
Figure 13, no significant differences in GAG content were observed between the three
types of electrospun scaffolds. These results indicated that the competency to secrete
GAG of chondrocytes derived from hMSC’s was not affected. Even this competency to
secrete GAG slightly increased comparing the samples containing peg-POSS (PLLA1
and PLLA5) to that not containing (PLLA0). It can be concluded that peg-POSS does
not inhibit the secretion of GAG.

Figure 10. Hoechst stained hMSC’s onto electrospun peg-POSS/PLLA scaffolds after cell
spreading. (a) PLLA0, (b) PLLA1, and (c) PLLA5.
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Figure 11. SEM photomicrographs showing sheet formation by hMSC’s cultured on electrospun
peg-POSS/PLLA scaffolds for 2 weeks. (a) PLLA0, (b) PLLA1, (c) PLLA5, and (d) detail of
hMSC’s on PLLA1.

Figure 12. Aggregates of cartilage containing blue GAG stained onto electrospun peg-POSS/
PLLA scaffolds. (a) PLLA0, (b) PLLA1, (c) PLLA5, and (d) PLLA0 without cells as negative
control.
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Collagen type II (COL2) is the typical marker of differentiated chondrocytes in hya-
line cartilage, as opposed to collagen type I (COL1), which is expressed by dedifferen-
tiated chondrocytes as well as in fibrocartilage. The articular cartilage contains 95% of
type II collagen fibers which makes up 50% of the cartilage dry weight. This network
provides tensile strength to the tissue.[62,65] Real-time PCR study was used to analyze
the mRNA expression of articular cartilage-specific genes from hMSC’s-differentiated
chondrocytes normalizing to that of hMSC’s.[66–68]

The expression of COL2 and COL1 genes in hMSC-derived chondrocytes showed
some differences between the three types of scaffolds. The relative expression of COL2
gene in every scaffold was greatly increased in hMSC-derived chondrocytes compared
to hMSC’s (144.58 ± 44.06, 136.81 ± 33.61, and 204.17 ± 39.91, respectively), whereas
COL1 gene expression slightly increased (0.73 ± 0.08, 1.33 ± 0.35, and 1.87 ± 0.45)
(Figure 14). The strong increase in the fold expression of COL2 gene in the cells

Figure 13. Quantification of GAG in hMSC-derived cartilage onto electrospun peg-POSS/PLLA
scaffolds. Neg ctrl: negative control (scaffold without cells). Data are presented as mean ± SD.

Figure 14. Relative gene expression of articular cartilage markers (COL1 and COL2) in hMSC-
derived chondrocytes cultured onto electrospun peg-POSS/PLLA scaffolds. The mRNA values of
each gene were normalized to GAPDH. Data are presented as mean ± SD.
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seeded on the different scaffolds compared to undifferentiated hMSC’s (more than
100-fold increase) demonstrates that the chondrogenesis process was induced properly.
Moreover, PLLA5 induced the expression of COL2 to a greater extent when comparing
to PLLA0 and PLLA1. In contrast, the level of induction of COL1 gene was very
slight, and the differences between the scaffolds were neither relevant nor comparable
to those observed in COL2 gene expression. For all the scaffolds, the high levels of
COL2 gene expression compared to COL1 suggest a proper cartilage differentiation
process. Furthermore, the increased ratio of expression COL2 to COL1 implies a pro-
gress toward mature cartilage phenotype in hMSC-derived chondrocytes as seen else-
where.[69,70]

These results suggest that the addition of peg-POSS to PLLA scaffolds did not
decrease the ability of hMSC’s to differentiate to chondrocytes onto scaffolds.

4. Discussion

The present work studies the effect of the addition of the peg-POSS nanomolecules in
various amounts over the manufacturing process and over the cytocompatibility and the
morphology of some electrospinning-made PLLA scaffolds. The hydrolytic degradation
behavior of the material is studied too.

Morphological studies confirm that the peg-POSS does not change the fiber shape.
It seems that the peg-POSS is well dispersed into the fibers. However, a noticeable
decrease in mean fiber diameter can be observed as peg-POSS concentration increases.
This effect could be explained due to the viscosity of the solvent–nanocomposite solu-
tion, which is identified as the dominant variable that determines the fiber diameter.[71]
In our study, the solution viscosity decreases as the content of peg-POSS increases. It
is known that the diameter of electrospun fibers decreases with decreasing solution vis-
cosity,[72] therefore, the reduction of the fiber diameter as peg-POSS content increases
could be explained. This effect could be also explained regarding to the polymer/sol-
vent ratio: the directly proportional influence between the polymer (referring only to
PLLA) concentration and the fiber diameter previously seen in other articles was
observed,[42,59] as fiber diameter decreased in the same manner as polymer concentra-
tion did. The decrease in fiber diameter also has the effect of increasing the specific
surface area of the scaffold, which has been reported to enhance the cell culture.[73]
The addition of peg-POSS neither had any detrimental effect on the processing method
since any major change was observed on the electrospinning parameters of the peg-
POSS/PLLA regarding to those of the pure PLLA. The maximum thickness of scaffold
which could be manufactured by electrospinning, due to the lack of attraction between
the needle and the static collector, remained unchanged for all the scaffolds. However,
the use of rotary drum collector would enable to construct thicker scaffolds (up to
250 μm).

The hydrolytic degradation rate or weight loss percentage of the material was lower
when peg-POSS was added, showing a higher durability of the nanocomposites. On the
other hand, after an initial mass loss, the hydrolytic degradation rate tended to stabilize
through time. An explanation of these effects would lead to the analysis of the hydro-
lytic degradation mechanisms reported in the literature. Grizzi et al. [60] investigated
the hydrolytic degradation behavior of some aliphatic polyesters such PLLA, and they
suggested the existence of two phenomena that could affect the degradation. (1) An
autocatalytic effect on the ester hydrolysis of the polymer caused by the increased num-
ber of carboxylic chain ends. (2) A diffusion or leaching (from the inner to the outer
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part of the material) of the oligomers dissolved in the aqueous medium. Taking into
account both phenomena, they also suggested two degradation behaviors based on the
thickness of the samples. (a) for large thickness samples, the initial dissolution and dif-
fusion to the aqueous medium of the oligomers located on the outer part (surface), and
the difficulties in the diffusion of the residual lactide and oligomers located on the inner
part, would lead to an heterogeneous degradation between the inner/outer part of the
sample. The oligomers and residual lactide degraded on the inner part would not be
able to be leached as fast as those located on the surface, and they would cumulate giv-
ing rise to the previously reported autocatalytic effect for the hydrolysis. This would
accelerate the degradation process of the inner part of the sample regarding to the sur-
face, and would cause the formation of a skin composed of less degraded polymer. (b)
for small thickness samples such casting made films (<1 mm), it would not exist the
heterogeneous degradation mechanism. The oligomers and residual lactide degraded
within the material should be able to be leached as soon as they become soluble,
so the autocatalytic effect would not take place, and the material would degrade more
slowly.

Our degradation data agree with the behavior reported by Grizzi et al. [60]. For
films, there is an initial mass loss, caused by the water swelling and the initial dissolu-
tion and rapid diffusion of the oligomers and the peg-POSS. Over the next few weeks
the hydrolytic degradation tends to stabilize, mainly because the nonexistence (or weak)
autocatalytic effect. According to the nanocomposites, the peg-POSS nanomolecules
could contribute to the increase of hydrophilicity of the PLLA (considered hydropho-
bic),[74] thus enhancing the diffusion of the oligomers and slowing the degradation, as
our degradation data show. Yang et al. reported a similar effect for the α-TCP/PLGA
nanocomposites.[75] They also suggested the buffering of the acidic end groups of the
oligomers and the subsequent neutralization of the environment through the use of
α-TCP nanoparticles, in which the use of peg-POSS nanomolecules could have impact
too. It seems that peg-POSS slows the hydrolytic degradation rate of PLLA films, but
further studies up to the complete degradation of the material would be needed to better
understand its behavior and the effect of these nanomolecules.

The biological studies show that hMSC’s were able to attach and to spread in a
similar way onto the different types of electrospun peg-POSS/PLLA and pure PLLA
scaffolds. It was observed that the addition of peg-POSS nanomolecules neither
decreased the cell viability nor their capacity to form a monolayer. SEM studies were
performed to confirm whether hMSC’s reached optimal confluence for their differentia-
tion into chondrocytes. The results predicted a high-quality subsequent chondrogenesis
process. Results also demonstrate a competence of hMSC’s to differentiate into chon-
drocytes onto all the scaffolds. The hMSC-differentiated chondrocytes were able to
secrete GAG efficiently, a specific characteristic of mature chondrocytes. In order to
compare the ability of hMSC’s-induced differentiation onto electrospun peg-POSS/
PLLA scaffolds to produce GAG, the amount of GAG generated was measured in each
scaffold. All the scaffolds exhibited a high degree of GAG production, being their
GAG secretion level similar for all of them. These results indicated that the competency
to secrete GAG of chondrocytes derived from hMSC’s was not affected by the addition
of peg-POSS. Even this competency to secrete GAG slightly increased comparing the
samples containing peg-POSS (PLLA1 and PLLA5) to that not containing (PLLA0). It
can be concluded that peg-POSS does not inhibit the secretion of GAG. The hMSC-
derived cartilage showed high levels of COL2 compared to COL1 gene expression for
all the scaffolds, suggesting a proper cartilage differentiation process. There were slight
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differences between the three different types of peg-POSS/PLLA and pure PLLA
scaffolds in the induction of COL1 gene expression. However, there was an important
increment in COL2 gene expression, indicating that peg-POSS/PLLA does not alter sig-
nificantly the expression of chondrogenesis markers. The addition of peg-POSS to
PLLA scaffolds did not affect its cytocompatibility to obtain hyaline cartilage from
hMSCs. In addition, the pH remained stable within the physiological limits during all
the hydrolytic degradation experiment, so the cell culture would not be affected.

On the other hand, it is worth mentioning that, according to the results, even having
our scaffolds a smaller pore size range than the range reported in the literature, the
hMSC’s were able to undergo a proper chondrogenic differentiation, as it is shown by
the presence of GAG and the increasing expression of cartilage specific genes (COL2
and COL1), thus demonstrating that a proper cell culture could be possible at lower
pore sizes. This could be explained by the fact that electrospun fiber mats behave dif-
ferently from rigid porous materials. It was demonstrated that electrospun mats can be
infiltrated by cells for fiber diameters as low as 0.22 μm and average pore diameter
only 1.5 μm.[76] This pore size is much smaller than the minimum pore size for cell
infiltration previously reported (around 5–15 μm). This behavior is explained by the
ability of cells to push individual fibers in electrospun mats. In addition, for fibers thin-
ner than 1 μm, the cell proliferation increases with decreasing fiber diameter.[77] This
effect is attributed to very high specific surface area that causes protein absorption from
cell medium. The surface of nanofibers covered with proteins enhances cell attachment
and proliferation.[73] The best results for cells growth on electrospun mats are porosi-
ties 70–95% and pore size 5–50 μm.[76,77] The calculated average pore size is within
the optimal range for cells attachment. Very high porosity of the scaffold allows the
cells to infiltrate the structure by pushing aside the nanofibers to create the space neces-
sary for attachment and proliferation. As can be seen from SEM micrographs (Figure 5),
the increased content of peg-POSS increases the presence of thin fibers. Their large
specific surface area enhances cells attachment and proliferation. This effect is not so
strongly pronounced when taking into consideration only the mean fiber size (Figure 6),
but is clearly visible on histogram (Figure 6) (fibers of size ca. 0.25 μm consist of 23%
of total number of fibers). Thus, the increase in specific surface area by the decrease of
the fiber diameter previously mentioned could explain the enhancement in the chondro-
cytic cell culture.

As conclusions, the results show that the biological properties of PLLA were not
deprived after adding peg-POSS. It seems that the peg-POSS does not present any
nanotoxicity. The results did not show any relevant change either in the manufacturing
process or in the fiber morphology after adding peg-POSS, except for the decrease in
mean fiber diameter. On the other hand, it seems that peg-POSS slows the hydrolytic
degradation rate of PLLA films. Taking into consideration these points, it may be sug-
gested the peg-POSS/PLLA nanocomposite as a new material to obtain suitable scaf-
folds for the regenerative medicine.
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