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In the present work, microporous membranes based on poly(ε-caprolactone) (PCL) and PCL functionalized with
amine (PCL-DMAEA) or anhydride groups (PCL-MAGMA)were realized by solvent–non solvent phase inversion
and proposed for use in Guided Tissue Regeneration (GTR). Nanowhiskers of hydroxyapatite (HA) were also in-
corporated in the polymer matrix to realize nanocomposite membranes. Scanning Electron Microscopy (SEM)
showed improved interfacial adhesion with HA for functionalized polymers, and highlighted substantial differ-
ences in the porosity. A relationship between the developed porous structure of the membrane and the chemical
nature of grafted groups was proposed. Compared to virgin PCL, hydrophilicity increases for functionalized PCL,
while the addition of HA influences significantly the hydrophilic characteristics only in the case of virgin polymer.
A significant increase of in vitro degradation rate was found for PCL-MAGMA based membranes, and at lower
extent of PCL-DMAEA membranes. The novel materials were investigated regarding their potential as support
for cell growth in bone repair using multipotent mesenchymal stromal cells (MSC) as a model. MSC plated
onto the various membranes were analyzed in terms of adhesion, proliferation and osteogenic capacity that re-
sulted to be related to chemical as well as porous structure. In particular, PCL-DMAEA and the relative nanocom-
posite membranes are the most promising in terms of cell-biomaterial interactions.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Poly(ε-caprolactone) (PCL) is a synthetic polyester with high bio-
compatibility and slow in vivo degradation rate, thus providing an ade-
quate support until regeneration is completed [1]. Low resorption rate
recommends PCL for long-term applications, as slow release of bioactive
molecules and extended-residence cell supports in tissue engineering,
while its good flexibility makes it an interesting candidate in the area
of guided tissue regeneration (GTR) as membrane for the treatment of
periodontal diseases [2–4]. Membranes for use in GTR are required to
be degradable, with degradation time adequate to bone regeneration,
to prevent migration of gingival epithelial cells into the alveolar cavity
delaying bone formation, to accelerate cementogenesis, and to protect
the site from the underlying blood clots, so allowing healing process.
Combination of membranes with growth factors or osteoconductive
calcium phosphates to allow better bone formation is expected to im-
prove the overall performance. In this regard, PCL nanocomposites
with hydroxyapatite (HA), the natural occurring mineral phase of bone
enzo), adriana.oliva@unina2.it
[5–10], can be of interest. Bone is a true nanocomposite consisting of
nanocrystalline HA dispersed in a collagen-rich matrix. Nanocrystalline
HA promotes osteoblast cell adhesion, differentiation and proliferation
better than microcrystalline HA [11,12]. As an added value, whisker-
like nanocrystals (nanowhiskers) are considered to improve toughness
and promote cell alignment in bioceramics and PCL nanocomposites
[13]. A major limit of PCL/HA nanocomposites is represented by the
strong hydrophobic character of PCL that inhibits realization of compos-
ites with good dispersion and interfacial adhesion of the two phases. A
good interface is fundamental to improve mechanical characteristics of
the polymer matrix, and interfacial phenomena may also play a role in
cellular response [14,15]. In this frame, functionalization is a particularly
relevant approach in order to broadly change the physicochemical prop-
erties of a polymer in a tailored way by selective chemical modification.
Functionalization under controlled conditions may increase degradation
rate by reducing crystallinity, creating interchain hydrogen bondings to
modulate mechanical properties, and improving adhesion with hydro-
philic fillers.

In a previous work [16], we studied the biological characteristics of
two different functionalized PCLs, and found that PCLs modified by
grafting of N-dimethylamino-ethyl acrylate (PCL-DMAEA) or maleic
anhydride/glycidyl methacrylate (PCL-MAGMA) showed differences in
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biocompatibility and cell adhesionwith respect to pristine polymer. Re-
lated HA nanocomposites, with HA in form of nanowhiskers, were also
evaluated, and a better interfacial adhesion between polymer matrix
and HA was found in the case of functionalized PCL. In the present
paper, PCL, functionalized PCL and relative HA nanocomposites were
prepared in the form of microporous membranes for application in
GTR. A solvent–non solvent phase inversion technique was used. Previ-
ous studies have shown that this methodology allows to obtain mem-
branes with a gradational changed porosity as a function of polymer
solution concentration [17], or through an appropriate choice of the
solvent/non solvent pair [18,19]. The morphology of the membranes
was investigated by SEM. Mechanical properties, hydrophilicity and
in vitro degradation rate of polymer and nanocomposite membranes
were evaluated. Furthermore, we studied the biocompatibility of the
newmaterials employing as cellular model bonemarrowmesenchymal
stromal cells (MSC), that aremultipotent being able to differentiate into
a variety of cell phenotypes including osteoblasts, and are involved in
the normal remodeling and reparative mechanisms of bone [20,21]. In
particular, we analyzed the adhesion, proliferation and osteogenic
capacity of MSC plated on the various membranes.

2. Experimental

2.1. Materials

Polycaprolactone (PCL, CAPA 6503, molar mass 50–80 kDa,
(ηinh 1.07 dl/g; crystallinity degree 54.8%) was purchased from
Solvay (Belgium). Maleic anhydride (MA) and benzoyl peroxide
(BPO) were obtained from Fluka. Glycidyl methacrylate (GMA)
and N-(dimethylamino)ethylacrylate (DMAEA) were supplied by
Aldrich Chemicals. All chemicals were of the highest grade commercial-
ly available. All solvents were of analytical grade and used as received.
Tissue culture biochemicals were from Gibco-Invitrogen (USA) and
plastic ware was supplied by BD Falcon (USA).

2.2. Functionalization of PCL

PCL modified by insertion of anhydride groups, obtained by radi-
cal grafting of maleic anhydride and glycidyl–methacrylate as a
comonomer (PCL-MAGMA), and PCL modified by insertion of
N-dimethylamino-ethyl acrylate (PCL-DMAEA) were prepared in a
static mixer (Rheocord Haake 9000, USA), according to previously re-
ported procedures [22,23]. The functionalized PCLs were purified by dis-
solution in chloroform followed by precipitation in n-hexane. For the
sake of comparison, virgin PCL as well was dissolved in chloroform and
re-precipitated in n-hexane before use. PCL-MAGMA(ηinh 0.74 dl/g; crys-
tallinity degree 52.3%) had an amount of grafted anhydride, determined
by infrared spectroscopy [24–26], equal to 2.73 wt.% (IR diagnostic
band: ν= 1778 cm−1). PCL-DMAEA (ηinh 0.94 dl/g; crystallinity degree
48.8%) had an amount of grafted amines, determined by 1H NMR anal-
ysis, equal to 1.3 wt.% (1H NMR diagnostic peaks (300 MHz, CDCl3, δ):
2,57 (s, 6H), 3,64 (t, 2H)) (See Supplementary data).

2.3. Synthesis of hydroxyapatite nanowhiskers

HA nanowhiskers were prepared by hydrothermal method [27].
Briefly, calcined HA powders were ground by hand and dry-mixed
with potassium sulfate (Tm 1069°C) at a K2SO4 to HA weight ratio of
1.6. The HAweight after calcination was 12.63 g and 20.20 g of potassi-
um sulfatewere added. Themixture as a compact powderwas heated to
a peak temperature of 1190°C for 3.5 h. The sample was allowed to cool
to room temperature within the shut off furnace. The whiskers were
separated from the solidified mass by washing the mass several times
with hot (~90 °C) distilled water. Washing was repeated ten times;
thewashedwhiskerswere dried in an oven at 100 °C overnight (dimen-
sions:10–20 μm long and 250 nm–2 μm in diameter).
2.4. Membrane preparation

Microporous membranes were obtained by solvent–non solvent
phase inversion methodology. The polymer was dissolved in chloro-
form. The solution (15 wt.%) was poured into a glass petri dish, then
the dish was rapidly immersed in a bath containing a large excess
(about 20:1 by volume) of hexane as non-solvent. A gradual coagulation
of the polymer solutionwas apparent at the interfacewith hexane, with
formation of a thin skin. After 2 h the hardened polymermembranewas
recovered, washed by immersion in fresh hexane and finally dried in air
at room temperature. For the nanocomposite membrane preparation,
HA nanowhiskers (5 wt.% with respect to the polymer) were first pre-
dispersed by sonication in a little amount of CHCl3, and the dispersion
was then added to the polymer solution. The resulting mixture was
kept for 30 s under vigorous stirring before pouring in the petri dish.

2.5. Inherent viscosity measurements

Inherent viscosity measurements were performed at 30 °C with a
Ubbelhode viscometer, at a concentration of 0.30 g/dl in CHCl3.

2.6. Scanning electron microscopy (SEM)

Scanning electron microscope (FEI Quanta 200 FEG) was used to
evaluate the structure of all membranes. Lower and upper surfaces
were observed as such. To investigate on the bulk microporous struc-
ture, membranes were fractured after freezing in liquid nitrogen, and
the fracture surface was observed. Samples were coated with Au/Pd
alloy before analysis. Micrographswere taken by using a beam intensity
of 20 kV.

2.7. Water contact angles measurements

Staticwater contact angleswere determined in order to evaluate hy-
drophilicity. Uniform volume drops of deionized water were dropped
on a horizontal portion of the membrane. The drop shape was recorded
with a high speed framing camera. Contact angle was evaluated from
the drop shape by measuring the angle formed between the substrate
surface and the tangent drawn from the edge of the drop. Measure-
ments were performed after a static time of 30 s.

2.8. Image analysis

Image analysis of the pores was performed using Image J software.
The SEM micrographs of the fracture surfaces were digitalized and
mathematically manipulated for the analysis. Pores of fairly circular
shape were clearly visible in all the micrographs. For each analysis, at
least 10 pores were considered. The average diameter of the pores
with standard deviation was measured.

2.9. Mechanical properties

Tensile tests were carried out on nanocomposite membranes at
room temperature by ISTRON 4444 instrument. Samples for tensile
measurements (3× 1 cm)were cut using a dumbbell cutter. Tensileme-
chanical tests were run at a crosshead speed rate of 5 mm min−1 and
each sample was loaded to failure. Each sample was analyzed in tripli-
cate and Young's modulus (E, MPa), ultimate stress (σf, MPa), ultimate
strain (εf, %) and yield strain (εy, %) were expressed as the mean value
of the threemeasurements. E was calculated using the initial linear por-
tion of the stress/strain curves.

2.10. Hydrolytic degradation

For hydrolytic degradation studies, the samples (≈50 mg) were in-
troduced into small flasks filled with 3 ml of phosphate buffer solution
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(PBS 0.13 M, pH 7.4). Degradation was performed at 37 °C under shak-
ing at a rate of 100 rpm for predetermined periods of time. At each deg-
radation time point, three samples of each membrane were withdrawn
and washed with distilled water. After gentle wiping to remove the re-
maining adsorbed water, the samples were weighed and then dried
under vacuum at 40 °C for 24 h until constant weight, then weighed
again.

Water uptake and weight loss values were calculated using the fol-
lowing equation:

Water uptake %ð Þ ¼ Wwet‐Wdry

� �
=Wdry

h i
� 100 ð1Þ

Weight loss %ð Þ ¼ W0‐Wdry

� �
=W0

h i
� 100 ð2Þ

where W0 represents the initial weight of the samples, Wwet the wet
weight (after wiping), and Wdry the dry weight.

2.11. Gel permeation chromatography (GPC)

Number average molecular weightMn and polydispersity (Ð) of the
polymers were determined by size exclusion chromatography (SEC)
using a Viscotek GPCMax autosampler system fitted with two Viscotek
LT5000L Mixed Medium columns (300 × 7.8 mm) and a Viscotek VE
3580 RI detector. The mobile phase was THF at 1 ml/min flow at 30 °C.
Typically, the polymer (5 mg) was dissolved in THF (1 ml) and the
resulting solution was filtered through a 0.45 μm Millipore filter before
injection (20 μl).Mn was expressed according to calibration using poly-
styrene standards.

2.12. Differential scanning calorimetry (DSC)

The thermal properties were analyzed using a differential scanning
calorimeter Perkin Elmer DSC 6000 fitted with a Huber CC180 cooler.
Heating/cooling rate was 10 °C min−1 in all the experiments. To in-
vestigate the crystallization phenomenon, the following thermal
treatments were performed: samples ( mg) were heated from 30° to
110 °C (I run), held at this temperature for 5 min, cooled from 110 to
−70 °C (II run), then heated again from−70 to 110 °C (III run).

2.13. Preparation and characterization of mesenchymal stromal cells
(MSC)

Samples of human bone marrow were harvested from healthy do-
nors, after informed consent was provided. MSC cultures were initiated
as described previously [28]. Briefly, heparinized bone marrow sample
was diluted 1:5 with complete culture medium consisting of Opti-
MEM containing 10% fetal calf serum (FCS), antibiotics (100 units ml−1

penicillin, 100 mg ml−1 streptomycin) and incubated at 37 °C in a 5%
CO2 humidified atmosphere. After 48 h, all non-adherent cellular ele-
ments were removed and adherent spindle-like cells appeared in
3–4 days and reached sub-confluence in 1–2 weeks. Cells were then
washed with phosphate buffered saline (PBS), trypsinized and ampli-
fied. The cellular model was characterized in terms of specific surface
markers: the cells were positive for markers such as CD13, CD29,
CD44, CD105, and CD166, and negative for hematopoietic markers
CD14, CD34, and CD45. Furthermore, themultipotency ofMSCwas eval-
uated and in particular their osteogenic capacity was assessed [20,21].
Cultures between the second and fourth passages were used in the
present experiments and analyzed in terms of adhesion and vitality
(by PrestoBlue test and SEM observation), as well as expression of the
early marker of osteoblastic phenotype, namely alkaline phosphatase
(AP).
2.14. Preparation of samples for biological tests

Samples of all the membranes were obtained in the form of discs
with a diameter of 22mm that were put in 12-well plates and sterilized
with 2ml phosphate buffer containing fungizone 1% and a graded series
of antibiotic solution from 10% v/v to final 1% v/v. Finally, the complete
cell culture medium was added and plates were incubated for 24 h be-
fore cell plating.

2.15. Cell adhesion and viability tests

Since the surfaces of the membranes show different morphologies,
due to the phase inversion method, we tested cell adhesion on both
of them. MSC were seeded on membrane samples at a density of
5 × 104 cells cm−2 in complete culture medium and cell vitality
after 48 h and 7 days was assessed by PrestoBlue assay. This reagent
is a cell permeable resazurin-based solution that, when added to
cells, is modified by the reducing environment of the viable cells be-
coming fluorescent. Cells were washed with phosphate buffered saline
(PBS) and incubated with 0.5 ml of PrestoBlue 10% solution for 10 min
at 37 °C. At the end of this time, the liquid was collected and the cell
layer washed once with 0.5 ml of PBS. The fluorescence of the mixture
wasmeasured at 560/590 nm fluorescence excitation/emission (Perkin
Elmer LS55 Luminescence Spectrometer) and expressed as Relative
Fluorescence Units (RFU).

2.16. Cell morphology

In order to directly evaluate cell morphology and adhesion onto the
membranes, SEM analysis was performed on samples after four days of
plating. Cell layers were rinsed three times with PBS and fixed for 1 h
with glutaraldehyde 0.25% vol. The fixed layers were washed again
with PBS and then dehydrated by graded ethanol solutions from 30 to
100%. Samples were mounted on stubs, coated with Au/Pd alloy and
examined.

2.17. Alkaline phosphatase assay

The effects on osteogenic differentiation were assessed on the sev-
enth day of culture by analyzing the activity of the early osteoblastic
marker, namely alkaline phosphatase (AP). Once the medium was re-
moved, the wells were rinsed with 20 mM Tris/HCl-0.5 M NaCl, pH 7.4
(TBS) and the cells were then assayed in situ by adding 0.5 ml of
diethanolamine phosphate buffer pH 10.5, containing 10 mM para-
nitrophenyl phosphate (PNPP) and 0.5 mM MgCl2. AP activity was
determined by measuring the release of para-nitrophenol (PNP) from
PNPP. After 15 min at 37 °C, the reaction was stopped by adding
0.5ml of NaOH 0.5M. PNP levels weremeasured spectrophotometrical-
ly at 405 nm and expressed as nmol of PNP formed in 15 min.

2.18. Statistical analysis

All the experiments were performed in triplicate on at least three
different cell preparations. Data were expressed as the mean ± stan-
dard deviation (SD) of absolute values. Themeans of each experimental
group were compared by one-way analysis of variance (ANOVA)
followed by Tukey's post hoc test. Differences at p 0.05 were considered
to be statistically significant.

3. Results and discussion

3.1. Functionalization of PCL

Insertion of functional groups onto the chain backbone by radical
grafting is a reliable tool to modify polymers and thus gain control
over some of their characteristics of interest, including mechanical and
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degradation properties. Indeed, even if it is not always possible to obtain
a regular, controlled distribution and length of the grafted residues,
functionalization represents an easier way to chemically modify poly-
mers with respect to more complex synthetic routes, as copolymeriza-
tion. In this work, DMAEA and a MA/GMA mixture were chosen for
the functionalization of PCL (Scheme 1). DMAEA, a high reactive acrylic
monomer, was grafted onto the PCL backbone by a direct radical reac-
tion. In the case of PCL-MAGMA synthesis, instead, it was necessary to
add a second monomer, namely GMA, to enhance the grafting degree
of MA [29]. MA is prone to copolymerize with glycidylmethacrylate,
resulting in the grafting of short GMA-co-MA copolymers, as sketched
in Scheme 1. The structure of PCL-MAGMA is really more complex,
due to side reactions involving anhydride and glycidyl groups of GMA,
with generation of carboxylic acid. The functionalization degree in
terms of anhydride rings copolymerized with GMA was determined
by FTIR spectroscopy on thebasis of a calibration curve (see Supplemen-
tary data), and was equal to 2.7 wt.%. In the case of PCL-DMAEA, the
grafting degree was evaluated by 1H NMR analysis (see Supplementary
data), and a value of 1.3 wt.% was obtained. Functionalization degrees
were found to be reproducible. The physicochemical properties of func-
tionalized PCL, such as thermal, mechanical, rheological behaviors and
crystallization kinetics, have been deeply investigated in the previous
works [22,23], and found to be significantly influenced by the chemical
insertion of polar groups.

3.2. Preparation and characterization of membranes

The microstructure and architecture of an implanted device along
with surface physicochemical characteristics are known to exert pro-
found effects on cell attachment, alignment and proliferation [30,31].
Different methodologies of preparation of the device (solution casting,
foaming techniques, freeze-drying, electrospinning, and so on) lead to
differences in biological responses. For example, pore size and intercon-
nectivity determine the type of tissue in growth and vascularization
[32]. Relationships between pore structure, material properties and
Scheme 1. Reaction schemes and structu
biological response are still under investigation [33]. Implant porosity
can provide pathways for tissue regenerationwithin or over a biological
scaffold or matrix. Tissue formed when the pore size is in excess
than 100 μm. On the other hand, structures based on micropores
less than 50 μm have been found to allow limited tissue ingrowth,
required for example for stabilization of permanent implants, and
this feature is desirable also in the case of membranes for the treat-
ment of bone defects in periodontal pockets, that have the function
to act as a barrier to protect the defect site from gingival tissue inva-
sion while promoting bone healing. In the present work, micropo-
rous membranes were obtained by solvent–non solvent phase
inversion method, reported in literature also for different applica-
tions such as dialysis, microfiltration, reverse osmosis, gas separa-
tion. Membranes obtained by this technique are asymmetric, with
a gradational-changed microporous structure [17,34], and the two
surfaces appear very different: the lower (or “cast”) surface is flat,
smooth, and usually porous, while the upper surface is dense and
rough, as it is in direct contact with the non-solvent and a polymer
skin forms at the interface with the coagulant (“skin” layer). Neverthe-
less, a rapid removal of the solvent may cause the rupture of the skin,
giving rise to cracks.

3.2.1. SEM analysis
Upper, lower surfaces of all membranes have been investigated by

SEM. No relevant differences between polymer membranes and nano-
compositemembraneswere pointed out in the case of external surfaces.
Micrographs of nanocomposite lower surfaces are reported in Fig. 1 a–c
as example. The surfaces appeared very different, beingmacroporous in
the case of PCL/HA,microporous for PCL-DMAEA/HA, and dense for PCL-
MAGMA/HA. The different porosity is mainly attributed to different de-
grees of adherence of the various polymers to the glass casting surface.
HA nanowhiskers are clearly visible and well dispersed. On the other
hand, upper surfaces are very similar for the various PCL and appeared
rough, with several cracks. The upper surface of PCL-DMAEA/HA is
shown in Fig. 1d as an example.
res of PCL-DMAEA and PCL-MAGMA.

image of Scheme�1
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Fig. 1. SEM micrographs of lower surfaces of PCL/HA (a), PCL-DMAEA/HA (b) and PCL-MAGMA/HA (c), and upper surface of PCL-DMAEA/HA (d). (Arrows in Fig. a–b point out
nanowhiskers).

Fig. 2. SEMmicrographs of fracture surfaces of PCL (a), PCL-DMAEA (b) and PCL-MAGMA (c).
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Low-temperature fracture of membranes allows to expose the bulk
structure. The fracture surfaces of pristine and functionalized PCL are
shown in Fig. 2 a–c. A relationship between chemical structure and
porosity of themembrane can be drawn. The porosity is related to coag-
ulation time (defined as the immersion time required to reach a full
polymer precipitation): the lower the time, the more porous the mem-
brane. As amatter of fact, the porosity decreases at increasing polarity of
the polymer: PCL-MAGMA coagulates as soon at is immersed in hexane,
whilemembrane formation is slower for PCL-DMAEA and evenmore for
PCL. Accordingly, PCL membrane has a macroporous structure (Fig. 2a),
a microporous one is developed in the case of PCL-DMAEA (Fig. 2b),
while PCL-MAGMA membrane is dense. (Fig. 2c).

Porosity is retained upon HA addition (Fig. 3a–c), and surprisingly a
very regular microporous structure was found even in the case of PCL-
MAGMA/HA. HA nanowhiskers, strongly interacting with the polymer,
hamper chains association and slow down the coagulation time, giving
rise to a microporous structure, in contrast with what was observed for
PCL-MAGMA (Fig. 2c). HAnanowhiskers are visible at highermagnifica-
tion (Fig. 4 a–c). Although many whisker pull-outs can be seen, due to
the porosity of the matrix, it appears evident that the whiskers' surface
looks totally polished in PCL/HA (Fig. 4a), whereas it is partially coated
by the polymer in PCL-DMAEA/HA (Fig. 4b), and PCL-MAGMA/HA
(Fig. 4c), indicating a better adhesion of the whiskers to the polymer.

3.2.2. Micrographs image analysis
The image analysis was performed on SEM micrographs of the

fracture surface of all the membranes. The average dimension of the
pores ± standard deviation (SD) is reported in Table 1.

As seen from SEMpictures, PCL, PCL/HA and PCL-DMAEA/HA show a
bimodal pore distribution, withmacropores of dimension≥100 μmand
micropores with dimension in the 30–70 μm range. The other samples
show a more homogeneous pore distribution in the low dimension
Fig. 3. SEM micrographs of fracture surfaces of PCL/HA
range. In particular, PCL-MAGMA membrane shows a very reduced av-
erage dimension of pores (~4 μm), not suitable for tissue regeneration,
while the corresponding nanocomposite shows an average dimension
falling in the range of interest (~40 μm).

3.2.3. Hydrophilicity
To assess hydrophilicity, the static water contact angle was deter-

mined (Table 2). For each membrane, contact angle measurements
were carried out on both upper and lower surfaces. However, results
concerning upper surfaces are not reliable, due to their roughness, and
are not shown. The functionalized polymers are more hydrophilic
than pristine PCL (θ ≈ 75° against ≈ 97° for PCL), as a consequence of
polar groups. Upon addition of HA, different behaviors were found for
the various polymers. For PCL, the addition of HA nanowiskers led to
an increase of hydrophilicity, thus resulting in PCL/HA composite with
contact angles comparable to functionalized PCL-MAGMA and PCL-
DMAEA. On the other hand, for the functionalized PCL nanocomposites
the addition of HA has not a significant effect on contact angle values.
This is attributed to the fact that, in the functionalized nanocomposites,
nanowhiskers are embedded within the polymer matrix, due to the
strong interactions with the grafted polar groups, and less available to
water contact. However, considering the difficulty to precisely assess
contact angles and that measurements are influenced by the surface
porosity, these results should be considered with care as shown by the
standard deviation.

3.2.4. Mechanical properties
Table 3 lists the tensile parameters of polymers and nanocomposite

membranes. Overall, the porosity played a decisive role in the tensile
strength and elongation at break of the membrane.

Looking at the effect of HA addition, a slight increase of E for PCL and
PCL-DMAEAmembraneswas found, retaining the typical values ranging
(a), PCL-DMAEA/HA (b) and PCL-MAGMA/HA (c).
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Fig. 4. SEM micrographs of HA nanowhiskers on fracture surfaces: (a) PCL/HA; (b) PCL-DMAEA/HA; (c) PCL-MAGMA/HA.
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from 30 to 60 MPa. This scarce increase is in agreement with previous
studies carried out on dense aliphatic polyesters/HA films showing a
limited effect of the HA concentration in the range 0 to 5% [35,36]. In
opposition, Young's modulus of PCL-MAGMA strongly decreased with
the addition of HA, dropping from 285 MPa to 50 MPa; this drop can
be attributed to the switch from dense to microporous structure, as
previously discussed (Figs. 2c, 3c). As a matter of fact, such a strong de-
crease is not found for PCL and PCL-DMAEAmatrices as they are initially
porous materials (Fig. 2a, b).

Mechanical strengths (σf) are placed on the borderline with the re-
ported range of interest for in vivo implantation (3–20 MPa) [17,37,
38]. Three different behaviors were found upon HA addition. A poor
increase was found for PCL-DMAEA/HA, as already observed for
other composites [39]; PCL-MAGMA/HA ultimate stress dropped
from 11.5 MPa to 2.9 MPa, due to the porosity changes, whereas
non-significant change of ultimate stress was observed for PCL/HA. In
opposition, ultimate strain (εf) values showed that for both PCL and
PCL-MAGMA the addition of nanowhiskers led to extended domains
Table 1
Pores dimension measurements taken on membrane fracture surface.

Sample Average pore dimension
[μm ± SD]

PCL 258 ± 101
48 ± 21

PCL-DMAEA 47 ± 16
PCL-MAGMA 4 ± 1
PCL/HA 123 ± 27

56 ± 12
PCL-DMAEA/HA 145 ± 58

62 ± 18
PCL-MAGMA/HA 38 ± 11
or even appearance of plasticity. As discussed above, in the case of
PCL-MAGMA this is mainly due to the different morphology of
the membrane, although interactions between polar groups of PCL-
MAGMA and HA can also have an influence by decreasing the H-bond
related crystallinity of the polymer matrix [40]. In the case of PCL, mor-
phological changes are not so pronounced, and the remarkable increase
observed for PCL/HA (from 73% against up to 320%) is attributed to the
decrease of crystallinity of PCL in the presence of HA nanowhiskers (see
later). As shown by SEM pictures, the PCL/HA interface indicates poor
adhesion between the two phases. As a consequence, HA addition
tends to disorganize the PCL matrix and to decrease crystallinity with-
out imparting strengthening, in agreement with the higher plasticity
observed.

Taking into account theweight percentage of 5%HA in the nanocom-
posites, melting enthalpies (see Table 4) confirm the lower cristallinity
of polymer phases in composites compared to pure polymers for PCL
and PCL-DMAEA. The cristallinity is not affected in the case of PCL-
MAGMA, which confirms that observed variations of mechanical prop-
erties can therefore be attributed only to the porosity changes.
Table 2
Water contact angles on membrane lower surface.

Sample Contact angle
[θ ± SD]

PCL 97 ± 6,5
PCL/HA 76 ± 6,6
PCL-DMAEA 77 ± 3,1
PCL-DMAEA/HA 70 ± 1,3
PCL-MAGMA 73 ± 6,5
PCL-MAGMA/HA 75 ± 3,8
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Table 3
Mechanical parameters ± SD as obtained by tensile tests: Young's modulus (E), ultimate
stress (σf), ultimate strain (εf).

Sample E
[MPa]

σf

[MPa]
εf
[%]

PCL 44 ± 10 3.0 ± 0.3 73 ± 12
PCL/HA 46 ± 15 3.7 ± 0.3 320 ± 88
PCL-DMAEA 33 ± 5 2.2 ± 0.5 50 ± 3
PCL-DMAEA/HA 58 ± 13 3.7 ± 0.5 42 ± 3
PCL-MAGMA 285 ± 45 11.5 ± 3.0 5 ± 1
PCL-MAGMA/HA 50 ± 8 2.9 ± 0.3 62 ± 8

Fig. 5. Water uptake of polymers and nanocomposites as a function of degradation time
(weeks).
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3.2.5. In vitro degradation test
Degradation of polymer and nanocomposite membranes has been

evaluated over a 12-month period by soaking samples in PBS at 37 °C.
Thermal properties, swelling, weight loss and molecular weight de-
crease have been followed during the degradation. It is worth to stress
that the physical integrity of samples during degradation was affected
by the different functional groups. In particular, PCL-MAGMA and PCL-
MAGMA/HA underwent fragmentation already after 3 months, while
the other samples preserved their physical integrity during the whole
degradation period. The fragmentation led to a difficult handling of
PCL-MAGMA samples, in particular for what concerns the measure-
ments of water uptake and weight loss. On the contrary, the physical
state of materials during degradation did not compromise the reliability
of thermal analysis.

3.2.5.1. Thermal properties. Melting temperature and melting enthalpy
have been followed during degradation (Table 4). Looking at t0 samples,
it isworth to notice that the cristallinitywas not affected by the addition
of HA in the case of PCL-MAGMA. On the contrary, it decreased in the
other PCLs. It is conceivable that polar interactions between chains in
PCL-MAGMA are strong enough to be almost not affected by the addi-
tion of HA, so the crystallinity was maintained.

As can be seen in Table 4, Tm and ΔHm increased with degradation
time for all polymers and nanocomposites. This trend is a well-known
behavior of aliphatic polyesters. First, Tm increase is due to the pref-
erential degradation of the amorphous phase in the polymers and
composites [40]. Secondly, crystallinity can vary during degradation
and generally increases as a consequence of solvent-induced crystal-
lization of the non-degraded polymer chains and of crystallization of
the degraded chains trapped within the non-degraded bulk [41]. The
variation of Tm in the range 3–8% found in the present work is in
good agreement with what was previously reported for PCL sponges
and films [42,43]. Regarding the evolution of ΔHm during degrada-
tion, it is remarkable that ΔHm variation was much higher for the
functionalized PCL than for pristine PCL, as a result of the faster deg-
radation of more hydrophilic functionalized PCL and of crystallization
of the generated shorter chains. In addition, a pronounced enthalpy in-
crease for PCL/HA (+60%) was found, against a little variation for PCL
(20%), confirming the strong impact of the nanowhiskers on the PCL
characteristics.
Table 4
Thermal properties at different degradation times.

Sample ΔHm

[J g−1]

t0 3 months 12 months ΔHm
a variati

PCL 65 72 79 20
PCL/HA 56 51 90 60
PCL-DMAEA 68 71 96 40
PCL-DMAEA/HA 59 76 90 52
PCL-MAGMA 67 83 91 36
PCL-MAGMA/HA 65 79 92 41

a) Percentage of variation calculated between the initial value and the value after 12 month
3.2.5.2. Swelling, weight loss and molecular weight decrease. Since
different hydrophilicity and porosity have been found for the various
polymers and nanocomposites, different degradation behaviors as a
function of their ability to hydrate and swell are expected. Fig. 5
shows the water-uptake profiles. It appears that for PCL and PCL-
DMAEA the addition of 5 wt.% of HA does not influence the water-
uptake which is low during the first 12weeks for all samples. Only a lit-
tle higher water-uptake was found in this initial stage for PCL-DMAEA
materials compared to PCL materials. This is not surprising, as water
uptake is related to the overall hydrophilicity and to bulk porosity,
which helps water diffusion, and both PCL and PCL-DMAEA showed
a porous structure. The hydrophilic amino groups present in PCL-
DMAEA have a much higher impact on surface properties (see water
contact angle measurements) than on bulk properties. After one year,
all PCL and PCL-DMAEA membranes reached a final water-uptake of
around 900%.

In opposition to these results, a strong influence of HAwas observed
for PCL-MAGMA. More in detail, whereas water-uptake of pure PCL-
MAGMA was similar to the one of the other materials, water-uptake
of PCL-MAGMA/HAwas higher and faster, reaching 50% uptake already
after 12 weeks and a final uptake two times greater than that of the
other samples (1600% against about 900%).

Theweight loss andmolecularweight decrease over the degradation
period are provided in Table 5. PCL and PCL/HA did not show any signif-
icant weight loss (b1.5%), as a result of the limited molecular weight
decrease occurring in the evaluated period (about 8%). This is in agree-
ment with previous works reporting that remarkable weight loss of
PCL-based materials does not occur until the molecular weight falls to
around 5000 g mol−1 [44]. The same behavior was observed for PCL-
DMAEA and PCL-DMAEA/HA, with a negligible weight loss. However,
it should be noted that the PCL-DMAEA chains have undergone a
more pronounced hydrolytic degradation, with up to 15% molecular
weight decrease. Finally, in opposition to what was observed for PCL
and PCL-DMAEA, a significant weight loss was found for PCL-MAGMA
Tm
[°C]

on [%] t0 3 months 12 months Tma) variation [%]

65 – 68 5
64 67 68 6
63 66 67 6
63 66 67 6
63 65 65 3
59 63 64 8

s of degradation.
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Table 5
Weight loss and molecular weight decrease as a function of degradation time.

Sample Mn/Ð
[g mol−1]

Weight loss
[%]

0 month 3 months 6 months 12 months 3 months 12 months

PCL 79000/1.48 79000/1.48 76000/1.52 73000/1.53 0.5 0.9
PCL-DMAEA 77000/1.48 76000/1.49 75000/1.50 66000/1.56 0.3 0.6
PCL-MAGMA na na na 5.6 11.1
PCL/HA 80000/1.48 79000/1.49 78000/1.49 74000/1.52 0.5 1.3
PCL-DMAEA/HA 77000/1.48 75000/1.50 72000/1.51 67000/1.59 0.8 –a)

PCL-MAGMA/HA na na na 4 15.6

na: non applicable (polymers were not soluble in SEC solvent).
a) Not determined.
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membranes, that reached around 5%weight loss already after 3 months
and up to 15% after 12months. It should be noted that thisweight loss at
12 months is probably underestimated as PCL-MAGMA and PCL-
MAGMA/HA underwent fragmentation already after 3 months, which
made the analyses difficult. These weight loss and fragmentation are
however the sign of a faster hydrolytic degradation and of an important
molecular weight decrease. Unfortunately, this last point could not be
confirmed by SEC analysis as a result of the poor solubility of PCL-
MAGMA derivatives in THF, which proscribed the follow-up of molecu-
lar weight. This faster degradation rate may be assigned in part to the
higher functionalization degree obtained with MAGMA (2.7%) com-
pared to DMAEA (1.3%). In addition, it is also known that small amounts
of amine groups act as stabilizers of polyesters by neutralizing the
carboxylic acid end groups, which may explain the faster degradation
of PCL-MAGMA compared to PCL-DMAEA derivatives [45]. As the opti-
mal persistence in vivo of resorbable membranes is estimated to range
from 4 weeks to one year and membranes are required to preserve
their physico-mechanical characteristics during the first 4 weeks, the
degradation characteristics of PCL-MAGMA/HA are of interest. Indeed,
it is worth underlining that similar degradation rates have been
reported in the case of PCL-PEO and PCL-PLA copolymers [41,46,47],
confirming the interest of functionalization as a valid alternative to
classical synthetic approaches.

3.3. Cell-biomaterial interaction study

In Fig. 6 the results of PrestoBlue assays on both membrane surfaces
after 48 h MSC plating are reported. Overall both functionalized PCL
showed increased cell proliferation with respect to PCL.

It has to be underlined the 2–3 fold increase in MSC adhesion onto
the nanocomposites with respect to the pure polymers, attributable to
the presence of hydroxyapatite, as already found for films prepared by
casting [16]. Moreover, it is worth of note that the lower surfaces
support colonization better than the upper ones on pure polymermem-
branes, whereas no relevant differences were found for nanocompos-
ites. This trend can be explained on the basis of both the porous
structure and the greater flatness and smoothness of the inferior side
Fig. 6. PrestoBlue assay after 48 h of MSC plating onto polymers (–HA) and nanocompos-
ites (+HA) membranes. (U = upper surface; L = lower surface).
that was more favorable to cell attachment than the superior, more
rough and dense. The surface morphology has a predominant effect in
case of pure polymers, while in the nanocomposites the presence of
HA on both surfaces almost cancels the gap.

Results after seven days of MSC plating (Fig. 7) substantially con-
firmed that the presence of hydroxyapatite was able to increase cell
growth. Surprisingly, PCL showed RFU values higher than those of
functionalized PCL derivatives, contrary to what was found after 48 h.
Moreover, whereas for PCL, PCL-DMAEA and their nanocomposites the
obtained values evidenced a significantMSC proliferation improvement
compared to 48 hour values, for PCL-MAGMAand for its nanocomposite
only a little growth increase was found. The explanation is based on the
different porosity of thematerials. In fact, the highly porous structure of
PCL and PCL-DMAEA, and even more of their nanocomposites, favored
cell colonization inside the pores and thus the proliferation, whereas
the dense, compact structure of PCL-MAGMA and the complete absence
of macropores in the related nanocomposite allowed only a little cell
colonization and, consequently, a limited MSC growth. As already
stated, many literature studies demonstrated that cell attachment and
development are both sensitive to physicochemical properties of the
substrate [30,31]. As a consequence, good cell adhesion does not neces-
sarily induce cell spreading and migration. We can reliably assess that
high porosity favors cell development (see results after seven days),
while surface hydrophilicity influences mainly the initial cell adhesion
(the lowest RFU value after 48 h was found for the more hydrophobic
PCL).

Cell morphology and colonization on themembranes were analyzed
after four days plating by scanning electron microscopy. As expected
from the morphological features of membranes, the porous structure
of PCL, PCL-DMAEAand their nanocomposites allowed a good spreading
of cells. Fig. 8, that refers to SEM images of lower surfaces of PCL, PCL-
DMAEA and corresponding nanocomposites, shows that MSC have
homogeneously colonized the numerous macropores in the case of
PCL-DMAEA based membranes and PCL/HA, while only sporadic cells
are present on PCL (Fig. 8a). This outlook is on line with the improved
Fig. 7. PrestoBlue assay after seven days of MSC plating onto polymers (–HA) and nano-
composites (+HA) membranes. (U = upper surface; L = lower surface).
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Fig. 8. SEM images of lower surfaces of PCL (a), PCL/HA (b), PCL-DMAEA (c) and PCL-DMAEA/HA (d) after four days of MSC plating.
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hydrophilicity of PCL/HA and PCL derivatives with respect to the highly
hydrophobic PCL. Finally, a close up of PCL-DMAEA/HA micrograph,
shown in Fig. 9, stresses the presence of numerous pseudopodia that
anchor the cell inside the macropore.

On the other hand, for PCL-MAGMA and its nanocomposite the
denser surface prevented the widespread cell colonization, as already
evidenced by PrestoBlue assay after seven days. As a consequence,
micrographs of the PCL-MAGMA based membranes are not shown.
Fig. 9. SEM image of a cell anchored inside a singlemacropore of PCL-DMAEA/HA after four
days of MSC plating.
The expression of the early biochemical marker of osteoblastic
phenotype, namely alkaline phosphatase, was analyzed seven days
after plating (Fig. 10). In brief, higher AP levels for PCL-DMAEA/HA
and PCL-MAGMA/HAwere observed with respect to the pure polymers,
differently from PCL/HA. In the case of PCL, in fact, addition of hydroxy-
apatite did not modify substantially the levels of AP. This effect may be
attributed to the widespread dispersion of nanowhiskers inside the
polymer matrix in the case of functionalized PCL, that increases the
availability of HA towards cell interactions.

The highest AP activity was found on cells grown on PCL-DMAEA/
HA, with a not significant difference between the upper and lower sur-
faces. As regards PCL-MAGMA and PCL-MAGMA/HA, the low enzymatic
levels were in line with the scarce colonization of cells on these
materials. However, it has to be underlined that AP activity on PCL-
MAGMA/HA was remarkable, if we consider the not favored spreading
Fig. 10. Alkaline phosphatase in situ assay on MSC grown for seven days.
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and, consequently, limited proliferation of cells, that in turn, could have
stimulated the differentiation.

4. Conclusions

Microporous membranes for guided tissue regeneration based on
PCL and on two different functionalized PCL and relative HA nanocom-
posites have been realized by solvent–non solvent phase inversion.
Themembranes have been evaluated in terms of morphology, mechan-
ical characteristics, hydrophilicity, degradation rate and capability to
provide cell attachment, proliferation and differentiation with mesen-
chymal stromal cells. Significant differences between the different func-
tionalized polymers and nanocomposites were highlighted. PCL and
PCL-DMAEA membranes showed a highly porous structure, whereas
PCL-MAGMAmembrane appeared very dense, suggesting the influence
of grafted groups on the development of the porous. In opposition,
nanocomposite membranes were microporous in any case. Compared
to PCL, functionalized polymers showed improved surface hydrophilic-
ity and the related nanocomposites showed homogeneous dispersion of
nanowhiskers and a better HA/polymer interface. In particular, mem-
branes based on PCL-MAGMA showed increased water uptake and
degradation rate, well superior to those of PCL, so extending the field
of application from long term to short-medium term supports. On the
other hand, PCL-DMAEA/HA is the most promising in terms of cell
adhesion, proliferation and differentiation, whereas PCL-MAGMA/HA
seems to stimulate more the differentiation. Furthermore, differences
in cell colonization between the two surfaces of the membranes were
highlighted. This peculiarity, together with adequate pore size and me-
chanical strength, is of interest for the treatment of periodontal injuries,
where themembranemust act as a barrier to protect the alveolar cavity
from invasion of fibrous tissues, and promote bone regeneration. The
nanocomposite membranes are potentially able to induce bone regen-
eration, particularly on the lower surface that is porous and acts as a
good support for cell attachment and spreading, whereas at the same
time the dense upper surfacemight protect the defect site from gingival
epithelial cells migration.
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