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Electrospun polycaprolactone (PCL) is able to support the adhesion and growth of h-osteoblasts and to delay
their degradation rate to a greater extent with respect to other polyesters. The drawbacks linked to its employ-
ment in regenerative medicine arise from its hydrophobic nature and the lack of biochemical signals linked to it.
This work reports on the attempt to add five different self-assembling (SA) peptides to PCL solutions before
electrospinning. The hybrid scaffolds obtained had regular fibers (SEM analysis) whose diameters were similar
to those of the extracellularmatrix, more stable hydrophilic (contact anglemeasurement) surfaces, and an amor-
phous phase constrained by peptides (DSC analysis). They appeared to have a notable capacity to promote the
h-osteoblast adhesion and differentiation process by increasing the gene expression of alkaline phosphatase,
bone sialoprotein, and osteopontin. Adding an Arg-Gly-Asp (RGD) motif to a self-assembling sequence was
found to enhance cell adhesion, while the same motif condensed with a scrambled sequence did not, indicating
that there is a cooperative effect between RGD and 3D architecture created by the self-assembling peptides.
The study demonstrates that self-assembling peptide scaffolds are still able to promote beneficial effects on
h-osteoblasts even after they have been included in electrospun polycaprolactone. The possibility of linking bio-
chemical messages to self-assembling peptides could lead the way to a 3D decoration of fibrous scaffolds.

Introduction

Characterized by both regulatory and structural functions, the extra-
cellular matrix (ECM) is a nanofibrous network of structural proteins,
adhesive proteins, and glycosaminoglycans which nature developed
as a scaffold for tissue formation. In an effort to mimic ECM, several
studies have demonstrated that nanofibrous polymeric or hybrid scaf-
folds are more similar to ECM than to microfibrous scaffolds [1].
Nanofibrous structures can easily be produced by electrospinning. Bio-
compatible, FDA-approved, and showing a slower degradation profile
with respect to other polyesters such as poly-lactic and poly-glycolic
acids, polycaprolactone (PCL) has frequently been used as scaffolding
material for bone regeneration.While several studies have demonstrat-
ed that PCL is able to support the adhesion and growth of different
cell types (i.e. skeletal muscle cells, smooth muscle cells, fibroblasts,

chondrocytes, endothelial cells, human mesenchymal stem cells)
[2–7], its usefulness in biomedical applicationwould be enhanced if bio-
chemical messages could be linked to it.

Research related to naturally inspired but synthetic low-molecular‐
weight peptides able to aggregate by self-assembling has also been re-
ceiving increasing attention. Self-assembling (SA) peptide hydrogels
are nanostructural materials that functionalize easily with chemotactic
factors, growth factors or adhesive peptides [8–11] and are able to cre-
ate suitable environments for culturing cells, triggering tissue regener-
ation and for releasing drugs. Self-assembling peptide scaffolds have
been extensively studied for their potential application in bone-
related therapies as biomaterial due to their good bone conduction
properties. Compared to MatrigelTM, these scaffolds have been shown
to be more effective in promoting the bone regeneration of calvaria
bone defects in mice [12]. Synthetic materials appear to be effective
for small defects, but self-assembling peptide scaffolds seem to be insuf-
ficient to regenerate or reconstruct damaged articular cartilage in large
load-bearing bones. This work aimed to add self-assembling peptides
[13] to a PCL solution to be electrospun in order to assess the potential
of modulating the excessive softness of those hydrogels and to add
biomimetic molecules to PCL scaffolds. The additional inclusion of hy-
droxyapatite can significantly enhance the fiber stiffness of electrospun
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scaffolds [14]. This approachwill potentially make it possible to create a
matrix of PCL fibers with diameters a few hundred nanometers across
containing self-assembling peptide fibers whose diameters are 10
times smaller. The physical–chemical and biological characterization
of scaffolds produced by electrospinning mixing different synthetic
self-assembling peptides [13] to PCL is presented here.

Materials and methods

Peptide synthesis

All peptides were synthesized by solid-phase peptide synthesis
(Applied Biosystems Mod 431A, Foster City, CA) using Fmoc chemistry.
After being deprotected, the peptides were extensively purified and
characterized, as described elsewhere [13]. The sequence and the
name of all the peptides used to produce electrospun scaffolds are listed
in Table 1. All the peptides were synthesized as C-terminal amides. Abu
refers to α-aminobutyric acid. All the sequences follow the typical
pattern of ionic complementary peptides and can consequently self-
aggregate with the exception of RGD-EAKsc. The varied amino acid
compositions of these peptides, however, produce different propensi-
ties for β-sheet conformation in solution, and the aggregation capacity
depends on the secondary structure [13]. The RGD-EAKsc peptide con-
sists in the RGD cell adhesive sequence condensed to an EAK scrambled
sequence. Not, thus, the result of a self-assembled peptide, it is used as a
negative control in biological assays. The RGD-EAK peptide is composed
by a RGD adhesive motif condensed to the N-terminus of the self-
assembling EAK peptide.

Solutions for electrospinning

All solutions were prepared dissolving 10% (wt/wt) of solute in
1,1,1,3,3,3-hexafluorine-2-propanol (HFIP) (Sigma-Aldrich, Milan,
Italy). The polymer/peptide solutions were prepared by dissolving
0.2527 g of PCL (Mv 60,000, Sigma-Aldrich) and 0.0133 g of
self-assembling peptide in 1.5 mL (2.349 g) of HFIP. A peptide con-
centration of 1% w/v proximal to ours was utilized in Gelain et al.'s
work [15]. A control solution (10% wt/wt) containing only PCL
(0.266 g) was also prepared. The solutions were stirred for 3 h to ob-
tain a homogeneous mixture.

Incubation of the PCL/RGD-EAK scaffold with a saline buffered solution

In order to evaluate the secondary structure of the peptide incor-
porated into the matrix, the PCL/RGD-EAK scaffold was incubated
with phosphate buffered saline (150 mM NaCl, 10 mM sodium phos-
phate, pH 7.4) for 3 days and subsequently washed with MilliQ water
and dried under a vacuum for 1 h.

Electrospinning

During the electrospinning process, the solution was released
from a 5 mL syringe through a 27G needle at a 1 mL/h flow rate by
a volumetric pump; the voltage between the collector and the solu-
tion was 16 kV, and the air flow pressure was 0.1 kg/cm2. Fibers

were collected for 1 h on an aluminium foil collector (15×15 cm)
at a distance of 15 cm from the needle. After deposition all the sam-
ples were dried under the vacuum for 1 h in the presence of P2O5.

Scanning electron microscopy

Electrospun scaffolds were sputter coated with carbon (EMITECH
K950x Turbo Evaporator, EBSciences, East Granby, CT) and observed
under SEM (Cambridge Stereoscan 440 SEM, Cambridge, UK). Images
were taken at magnifications of 30,000Å with an accelerating voltage
of 15 kV. The diameter range of the fabricated nanofibers was mea-
sured using image analysis software (ImageJ, National Institutes of
Health, Bethesda, MD). For each sample, three images at different
magnifications and in three different zones of the sample were taken.

Contact angle measurements

Contact angles were measured using a SURFTENS angulometer
(OEG, GmbH, Frankfurt, Germany). One sample for each kind of scaffold
was set onto a silica slide and a drop of deionizedwaterwas deposed for
contact angle measurement. The contact angle measurements have
been done in triplicate.

Differential scanning calorimetry (DSC)

Thermograms were recorded with a DSC Pyris (Perkin Elmer, San
Jose, CA). The temperature and power scales were calibrated follow-
ing the manufacturer's instructions with cyclohexane and indium as
ICTA standards. Samples (2–5 mg) were sealed into aluminum pans
and empty pans were used as references. After cooling at 20 °C/min to
−100 °C, scanswere performed from−100° to 80 °C at 20 °C/min. Ad-
ditional measurements were taken between 20° and 80 °C at 5 °C/min.
DSC thermograms at 10 °C/min were performed in triplicate.

Thermally simulated depolarization currents analysis (TSDC)

Depolarization current measurements were carried out with a di-
electric TSCII apparatus (SETARAM Instrumentation, Caluire, France).
Samples were placed between two stainless steel electrodes. Before
the experiments were begun the cryostat was flushed and filled
with dry He to insure good thermal exchanges. To record complex
spectra, the sample was polarized with a static electric field Ep at a
given polarization temperature Tp for a time tp which is long enough
to reach the equilibrium polarization. The sample was then quenched
by a cooling process to T0bbTp, allowing the orientation polarization
P(Tp) to be frozen-in. The electric field was finally cut off and the sam-
ple was short-circuited for a time tcc long enough to remove fast
relaxing surface charges and to stabilize the sample temperature.
The capacitor was then connected to a very sensitive electrometer
(Keithley 642, 10−16A accuracy). The depolarization current I(T) in-
duced by the linear temperature increase of (T=qt+T0) was subse-
quently recorded versus temperature, giving the relaxation spectrum
of the sample. In this study, the polarization conditions resulting in
reproducible dipolar relaxations were as follows: Tp=0 °C, tp=
2 min, Ep=600 V/mm, tcc=2 min and q=7 °C/min.

The TSC spectra of hydrated elastin obtained from this procedure
are complex arising from a distribution of relaxing entities. The Frac-
tional Polarization (FP) technique was applied in order to resolve
these spectra experimentally in a series of elementary depolariza-
tions. The sample was only polarized for this investigation within a
narrow temperature window ∆T during the cooling process, and the
depolarization current was recorded as described elsewhere. A
value of 5 °C was used in the present work for the fractional polariza-
tion interval. By shifting the ∆T polarization window by 5 °C steps
within the temperature range of the complex relaxation modes, a
set of elementary processes was obtained.

Table 1

The names and sequences of the synthetic peptides.

Abbreviation Sequence

EAK A-E-A-E-A-K-A-K-A-E-A-E-A-K-A-K
DAK A-D-A-D-A-K-A-K-A-D-A-D-A-K-A-K
EAbuK Abu-E-Abu-E-Abu-K-Abu-K-Abu-E-Abu-E-Abu-K-Abu-K
EYK Y-E-Y-E-Y-K-Y-K-Y-E-Y-E-Y-K-Y-K
RGD-EAK R-G-D-A-E-A-E-A-K-A-K-A-E-A-E-A-K-A-K
RGD-EAK sc R-G-D-A-A-K-A-E-A-E-A-A-E-K-A-K-A-E-K



X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) investigations were
performed using an instrument of our own construction and
equipped with a 150 mmmean radius hemispherical electron analyz-
er and a 16-channel detector. Mg Kα non‐monochromatized X-ray ra-
diation (hν=1253.6 eV) was used to record peptide (C1s, N1s, O1s)
and polymer (C1s, O1s) core-level spectra on the respective samples.
The Al2p signal from the Al foil substrate was too low to be detected
in any of the samples investigated indicating that there was a thick
mat of polymer nanofibers. The spectra were energy referenced to
the C1s signal of aliphatic carbons located at a binding energy (BE)
of 285.0 eV [16]. The standard deviation on the measured BE values
was ±0.1 eV. Atomic ratios were calculated from the peak intensities
with Scofield cross sections. A curve fitting analysis of the C1s, N1s
and O1s spectra was performed using Gaussian curves as fitting func-
tions. Measurements were taken on at least two different samples
from each scaffold.

FT-IR spectroscopy

Reflection absorption infrared spectra (RAIRS) of the polymer
nanofibres deposited onto Al foil were recorded in the 4000–400 cm−1

range bymeans of a VECTOR 22 (Bruker, Billerica, MA) FT-IR interferom-
eter, equippedwith aDTGSdetector andwith a reflectance/grazing angle
accessory (Specac, Orpington, UK); the incidence angle of the impinging
radiation was 70°. Curve-fitting analysis of the FTIR spectra was
performed using Gaussian curves as fitting functions. Measurements
were taken on at least two different samples from each scaffold.

Cell culture

Electrospun scaffolds were cut from each aluminium sheet into
1.4 cm diameter circular disks and positioned in 24-well tissue cul-
ture plates (Costar, Turin, Italy). They were then incubated in 20%
ethanol for 10 min and then extensively washed in sterile phosphate-
buffered saline (PBS).

Human bone cells were obtained from explants of cortical mandible
bone collected during a surgical procedure from a healthy 66 year-old
male subject. The study was approved by the local ethics committee,
and informed consent was obtained from the patient. Bone fragments
were cultured in Dulbecco's modified Eagle's medium (DMEM)/Ham's
F12 medium (1:1) supplemented with 20% fetal bovine serum (FBS), 1%
sodiumpyruvate, 1% non-essential amino acids, 1% antibiotic/antimycotic
solution, 1 U/mL insulin (all from Gibco, Invitrogen, Milan, Italy) until
cells migrated from the bone fragments. At confluence the cells were de-
tached with trypsin–EDTA (Gibco) and cultured in complete medium
supplemented with 50 μg/mL ascorbic acid, 10 nM dexametasone, and
10 mM β-glycerophosphate (all from Sigma-Aldrich).

At the 5th–8th passage human (h)-osteoblasts 2×105 cells/well
(~1.3×105 cells/cm2) in the culturing medium were seeded in
100 μL supplemented complete medium on electrospun matrices
and incubated as specified for each experiment in a humidified tissue
culture incubator (Heraeus; Corston, Bath, UK) at 37 °C in 5% CO2 and
95% humidity. The incubator was also equipped with an additional
pan of sterile water to prevent evaporation of tissue culture media.
The volume and the pH of the complete medium were checked daily.

Biological assays

MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazoliumbromide)

assay

Cellular adhesionwas assessed using theMTT test. Osteoblasts seed-
ed on electrospun matrices were incubated for 2 h, a time interval pre-
viously demonstrated to ensure optimal adhesion of human osteoblasts
to functionalized surfaces [17]. At the end of incubation the culture

medium and non-adherent osteoblasts were removed. Each well was
washedwith PBS and incubated with 100 μL of fresh completemedium
culture containing MTT (5 mg/mL in PBS, Sigma) at 37 °C for 4 h. The
reactionwas stopped by adding a sodiumdodecyl sulfate (SDS) solution
10% (w/v) acidified with 0.01 N HCl and then stirred for 12 h. To quan-
tify the number of adherent cells, a standard curve was obtained for
each experiment by seeding a known number of cells in 24-well tissue
culture plates. Cellular lysates (100 μL) were transferred to 96-well
plates to determine the absorbance at 620 nm using a microplate read-
er (Sunrise, Tecan, Milan, Italy).

Calcium assay

The presence of calcium in the wells correlates with osteoblast dif-
ferentiation and proliferation [18]. To thoroughly optimize the calcium
assay protocol, in a separate set of experiments h-osteoblasts were
seeded onto matrices for 2, 7, and 14 days. The complete culture medi-
umwas replaced every 2 days. The calciumcontentwas undetectable at
2 days of incubation, peaked at 7 days, and decreased at 14 days. Oste-
oblasts were thus cultured onto the scaffold for 7 days. At the end of the
incubation period, the culture medium was removed, each well was
washed with PBS, and 200 μL of trichloroacetic acid (TCA) 5% (w/v) in
PBSwere added. Plateswere then stirred for 30 min at 4 °C. One hundred
microliters was taken from each well, placed in a 96-well-plate and
combined with 3.6 mM HCl, 100 μM of o-cresolphthalein complexone
(Sigma), 0.142 g/mL 2-amino-2-methyl-1-propanol (Sigma) to a final
volume of 300 μL, pH 10.7.

A standard curve was obtained by adding all the reagents to the se-
rial dilutions of CaCO3 (from 30 to 0 mg). The absorbance of the purple
colored complex was determined using a microplate spectrophotome-
ter at a 620 nmwavelength. The protein concentrationwas determined
using the bicinchoninic acid (BCA) method (Pierce Thermo Scientific,
Rockford, IL, USA) in 25 μL of TCA-cell lysate to normalize the calcium
levels to the cell density in the different scaffolds.

Quantitative real time polymerase chain reaction (qRT-PCR)

Levels of mRNA transcripts specific for human osteopontin (hSPP1),
bone sialoprotein (hIBSP) and alkaline phosphatase (hALP) were mea-
sured in osteoblast cells seeded on electrospun scaffolds. Using a SV
Total RNA Isolation System kit (Promega, Milan, Italy), total RNA was
extracted 24 h after seeding, as described elsewhere [19]. Contaminat-
ing DNA was removed by DNase I digestion and 5 μg of total RNA
were used to generate randomly primed cDNAs with Moloney Murine
Leukemia Virus reverse transcriptase (Applied Biosystems, Milan,
Italy). Real time quantitative PCR (qPCR) was performed in an ABI
Prism 7700 sequence detector (Applied Biosystems) for 40 cycles at
60 °C annealing temperature. Reactions were performed using TaqMan
Universal PCR Master Mix and Universal Probe Library (Roche, Milan,
Italy) carrying a fluorescent dye following the manufacturer's instruc-
tions. Standard curves were obtained for each gene by amplifying the
corresponding cDNAs subcloned into the pGEM-T vector (Promega).

Expression of the target genes was normalized to the endogenous
control gene human glyceraldehyde 3-phosphate dehydrogenase
(hGAPDH). The oligonucleotide primer sequences and probes are
listed in Table 2.

Table 2

Oligonucleotide primer sequences.

Gene Primers sequence Cycle Amplicon size (°C)

hSPP1 Forward: 5′tttcgcagacctgacatcc3′
Reverse: 5′ggctgtcccaatcagaagg3′

40 60

hIBSP Forward: 5′caatctgtgccactcactgc3′
Reverse: 5′tcattttggtgattgcttcct3′

40 60

hALP Forward: 5′ggcacctgccttactaactcc3′
Reverse: 5′cttagccacgttggtgttga3′

40 60

hGAPDH Forward: 5′cgggaagcccatcacca3′
Reverse: 5′ccggcctcaccccatt3′

40 60



Statistical analysis

Statistical analysis was performed using the one-way ANOVA test
followed by Bonferroni's multicomparison test with a minimum con-
fidence level of 0.05 for statistical significance. All experiments were
performed three times in triplicate. Data are reported as the
mean±standard deviation of the mean.

Results

Morphological characterization

Optimizing the electrospinning parameters made it possible to
produce regular fibers without drops as shown in the SEM images
(Fig. 1). Appearing randomly distributed, the fibers had diameters
falling in the 100–200 nm range.

Surface wettability

Determining the angle of contact between the surface of the ma-
trix and a drop of water made it possible to divide the surfaces into
two groups: hydrophobic surfaces (θ>90°) i.e. the matrices made
only with PCL and more hydrophilic surfaces (θb90°) i.e. the matrices
enriched with peptides (Fig. 2 and Table 3). Interestingly, the addition
of a non-self-assembling sequence (RGD-EAKsc) produced the
smallest deviation from the PCL value.

Differential scanning calorimetry analysis

PCL matrix

As shown on Fig. 3, a glass transition at Tg=−63±1 °C with a
ΔCp=0.076±0.02 J g−1 K−1 and a melting at Tonset=55.2±
0.8 °C with an enthalpy ΔHm=53.6±4 J/g was observed at the
first scan of the PCL matrix recorded at 10 °C/min.

These results are in full agreement with the literature data
reporting a glass transition between−60 °C and−65 °C and melting
at 55.7 °C for polycaprolactone [20]. The crystallinity for PCL was
evaluated at χc=ΔHm/ΔHc

0=0.65, considering that the melting en-
thalpy of 100% crystalline PCL is 81.6 J/g [21].

PCL/SA peptide matrices

The same analysis was performed for all the samples (Fig. 3) and
the results are outlined in Table 4. The glass transition of matrices
enriched with peptides was not measurable on the first scan, demon-
strating that the peptides constrained the amorphous phase of the
polymer. All the samples underwent the glass transition at around
−65 °C after the melting (second scan, not shown), as commonly ob-
served in the literature for PCL, but the weaker ΔCp values showed a
reducedmobility during the amorphous phase when the peptides were
added. As reported in Table 4, the melting temperature—considered
as the onset temperature—was lower for all the matrices enriched
with peptides compared to the control PCL, while the half-width of
the melting endotherm was significantly increased, with apparition
of multiple peaks demonstrating a distribution of the crystalline
phase. A supplementary DSC experiment was performed at 5 °C/min
from 20 °C to 80 °C in order to further investigate the melting zone
for all the samples (not shown). In contrast with the control PCL
which possessed a single melting endotherm, the matrices enriched
with peptides had multiple melting endotherms, with apparition
of a higher temperature endotherm corresponding to stabilized
crystallites.

Thermally stimulated depolarization currents analysis (TSDC)

The complex TSDC spectra of control PCL, PCL/EAK and PCL/EAbuK
performed in triplicate were recorded after a polarization tempera-
ture of 20 °C and produced reproducible spectra that are outlined in
Fig. 4. Two relaxation modes were observed in this temperature
range for the three samples. The first mode was at −56 °C (±1 °C)
for all the samples attributed to the dielectric manifestation of the
glass transition (PCL). It is noteworthy that the dielectric mode asso-
ciated with the glass transition was observed for all the samples at the
first run, in contrast with DSC analysis, due to the high sensibility of
TSDC towards the amorphous phase of polymers. The second mode
was observed between 5 °C and 8 °C for the three samples. By analo-
gy with the dielectric behavior of other semi-crystalline polymers,
this mode could be either addressed to the glass transition of the
constrained amorphous phase or to the polarization phenomenon
due to the peculiar architecture of electrospun PCL, in contrast with
the first mode, associated to the unconstrained amorphous phase.

Fig. 2. Contact angle images of two of the scaffolds investigated.

Fig. 1. SEM images of two of the scaffolds investigated at 30,000×. (A) PCL scaffold; (B) PCL-EAK scaffold. The SEM images of the other peptide-enriched samples looked like (B).



This phase is generally called “the rigid amorphous phase,” constrained
by crystallites, in opposition with the “mobile amorphous phase.” In
order to attain complementary information on the relaxation processes
scanned by DDS, the fractional polarization (FP) method was applied
to experimentally resolve the complex TDSC spectra of PCL matrices
into elementary spectra. A set of 15 elementary spectra was obtained
by shifting the polarization window from −85 °C to −15 °C. Each
elementary spectrum obtained by the FP method can be considered a
Debye peak, and thus is associated with a single relaxation time τ(T).
Using a Bucci–Fieschi framework [22], the temperature dependence of
τ(T) can be determined experimentally without any hypothesis about
its temperature dependence. In this case the temperature dependence
of all the relaxation times isolated by the FP method was found to
obey an Arrhenius law:

τ Tð Þ ¼ τ0 exp
Ea

RT

� �

where R is the gas constant, Ea the activation energy and τ0 the
pre-exponential factor.

The logarithmic variation of the pre-exponential factor versus the
activation enthalpy is plotted in Fig. 5 for the three matrices. The pa-
rameters of the elementary processes associated with the first mode
are connected by a linear relationship. Called “the compensation phe-
nomenon,” it is largely observed at the dielectric glass transition, re-
vealing the cooperative nature of glass transition with motions of
increasing activation energy and entropy [23]. The maximum value
of the activation energy is 261 kJ/mol for the control PCL and falls to
207 kJ/mol for the two peptide-enriched matrices. The restricted
scale of energy is to be linked to the mobility restriction in the mobile
amorphous phase of the matrices enriched with peptides.

XPS analysis

XPS analysis of all the samples investigated showed a N1s signal at
400.0 eV related to the peptide nitrogens. The atomic ratios measured
were in agreement with the values that were expected on the basis of
the peptide:polymer weight ratio (5:95). Detailed data are reported
elsewhere [24].

FT-IR analysis

Due to PCL carbonyl group stretching, the band at 1730 cm−1 was
present in all FT-IR spectra. Bands typical of peptide bonds were also
detected in the hybrid matrices: the amide I band was between 1620
and 1660 cm−1, whereas the amide II band was around 1540 cm−1.
The exact position of each band gives information about the second-
ary structure of the peptide incorporated into the matrix. The amide
band position at 1650 cm−1 can be attributed to α-helix or random
coil structures, whereas the band at 1620–1640 cm−1 is indicative
of β-sheet structures. An estimation of secondary structure content
was obtained utilizing curve fitting analysis. The percent value of
β-sheet conformer for each sample is the following: PCL-EAK 89%;
PCL-DAK 85%; PCL-EAbuK 90%; PCL-EYK 88%; PCL-RGD-EAK 57%;
PCL-RGD-EAKsc 30%.

As expected, treating the RGD-EAK sample with 150 mM NaCl,
10 mM NaH2PO4, and pH 7.4 buffer for three days produced a varia-
tion in the secondary structure balance (75% β-sheet and 25%
α-helix/random coil). A detailed description of the FT-IR analysis is
presented elsewhere [24].

Biological assays

Adhesion of h-osteoblasts onto hybrid scaffolds was evaluated 2 h
after seeding using MTT assay. The cell adhesion onto all the scaffolds
enriched with self-assembling peptide was greater than PCL or PCL/

Fig. 3. DSC thermograms of PCL matrices (10 °C/min).

Table 3

Values (means±SD) of the contact angle determined for each of the different scaffolds.

PCL PCL/EAK PCL/DAK PCL/EAbuK PCL/EYK PCL/RGD-EAK PCL/RGD-EAKsc

114.4°±1.8° 34.3°±2.0° 57.4°±2.5° 49.3°±3.1° 76.5°±2.1° 70.1°±1.9° 86.8°±2.2°

Table 4

Thermal parameters of the amorphous phase of PCL samples from the first thermogram
at 10 °C/min, expressed as means±SD.

Sample Tg (°C) ΔC
(J g−1 K−1)

Tonset
(°C)

Half-width
(°C)

ΔH (J/g)

PCL −63±1 0.076±0.02 55.2±0.4 3.0 53.6±4
PCL/EAK Not meas. Not meas. 54.2±0.6 5.3 62.6±4.5
PCL/RGD-EAK Not meas. Not meas. 53.4±0.4 6.1 53.4±5.7
PCL/RGD-EAK sc Not meas. Not meas. 54.0±0.8 5.3 48.2±4.2
PCL/EAbuK Not meas. Not meas. 53.1±0.5 6.0 50.4±6
PCL/EYK Not meas. Not meas. 53.6±0.7 7.1 42.0±4.8
PCL/DAK Not meas. Not meas. 53.4±0.6 7.5 47.6±4.5

Fig. 4. TSDC spectra of PCL matrices recorded after a polarization at 20 °C.



RGD-EAKsc. The increase with respect to the control (PCL) went from
20% (PCL/EYK) to 90% (PCL/RGD-EAK) (Fig. 6).

The quantity of calcium in the scaffolds was determined through
the o-CPC method 7 days after h-osteoblast seeding (Fig. 7). The
presence of self-assembling peptides in the matrices increased the
calcium levels with respect to those in the control (all data are signif-
icant with the exception of PCL/EAK). The scaffold enriched with
RGD-EAKsc (non‐self-assembling sequence) produced results that
were similar to the PCL. The best performing sequences were
RGD-EAK and EAbuK.

The expressions of hALP, hOPN and hBSP were evaluated through
qRT-PCR 24 h after cell seeding. The over expression of hALP gene was
ascertained for all peptide-enriched scaffolds; a higher increase was
registered for cells seeded on PCL/EAbuK (Fig. 8). The level of hOPN
mRNA remained stable or slightly increased in the cells seeded on
PCL/EYK or PCL/EAK, respectively, while it was markedly increased
when h-osteoblasts were seeded on PCL/DAK, PCL/EAbuK and PCL/
RGD-EAK (Fig. 8). Finally hBSP expression was higher in the cells cul-
tured on PCL/EAK, PCL/DAK, PCL/EAbuK and PCL/RGD-EAKwith respect
to that in the absence of self-assembling peptides (PCL) (Fig. 8).

Discussion

Hydrogels constructed fromfibril-forming peptides or peptidomimetics
are useful as chemically defined extracellular matrices alone or in addi-
tion to cytokines or growth factors that could be included in the
nanofibrousmaterial or covalently attached to it. SA-peptide hydrogels,
in fact, facilitate the slow, stable release of active cytokines [8] modulat-
ing proteinmobility by both physical hindrance and charge interactions
between protein and peptide nanofibers. Several researchers are devel-
oping methods to decorate SA-peptide nanofibers with active proteins
under mild conditions [25]. Interestingly, scaffolds composed of SA-
peptides are able to induce adhesion and proliferation of differentiated
cells and also to guide cell differentiation of stem cells. Ozeki M et al.
suggested that RAD16, a self-assembling ionic complementary peptide,
serves as amatrix for osteogenic differentiation of cocultured bonemar-
row cells in vitro and in vivo [26]. On the negative side, hydrogels of
SA-peptides have relatively modest moduli of up to about 10 kPa, and
thus find application as injectable scaffolds for the treatment of small
defects rather than as patches for large ones.

Fig. 5. Variation of the preexponential factor τ0 versus the activation enthalpy for the
elementary relaxation times of PCL matrices.
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With the recent development of the electrospinning process,
electrospun nanofibrous scaffolds with large surface area-to-volume
ratio, high porosity, and mechanical properties and morphology similar
to ECM can be fabricated to serve as ideal bone substitutes [27,28].
While non-biodegradable electrospun polymers such as polyurethane
possess substantial mechanical stability, theymight interfere with tissue
turnover. The ideal scaffold must maintain its stability and promote cell
adhesion and growth, but it also needs to degrade gradually as new tis-
sue is being constructed. Electrospun polymers such as PCL, collagen,
and gelatin sometimes with the addition of hydroxyapatite, are being

investigated by several research groups for bone tissue engineering
[29,30]. Although characterized by substantial mechanical stability, PCL
is a hydrophobic material, and hydrophobic surfaces generally tend to
adsorb larger amounts of proteins such as albumin than do hydrophilic
ones [31]. Absorption produces secondary structure changes in proteins
considered one of the important aspects affecting blood compatibility
[32]. In order to achieve enhanced biocompatibility, some investigators
have been focusing on creating a balance between hydrophilic and hy-
drophobic surface properties [33] or on immobilizing hydrophilic poly-
mers onto hydrophobic surfaces.
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Fig. 8. Evaluation of mRNA transcript levels specific for human alkaline phosphatase (hALP), human osteopontin (hOPN) and human bone sialoprotein (hIBSP) assessed by quan-
titative real time PCR 24 h after h-osteoblast seeding (2×105 cells/scaffold). Data are expressed as gene copy number in 5 μg of total RNA. The results were normalized with respect
to hGADPH (glyceraldehyde-3-phosphate dehydrogenase) and expressed as means±standard deviation of three independent experiments, each performed in triplicate. All results
are significant vs TCPS. * pb0.05 vs PCL/RGD-EAKsc; ° pb0.05 vs PCL.



In an effort to optimizeECM-mimetic electrospun fiber scaffolds’ sur-
face biocompatibility and stiffness, the attempt wasmade to unite a bio-
degradable FDA-approved polymer (PCL)with self-assembling peptides
in a physiological environment to create nanofibrous structures. This
was donewith the intention, on the one hand, to remedy PCL's high hy-
drophobicity and lack of biochemical signals and, on the other, to rectify
the excessive softness of peptide hydrogels. Analysis of the scaffolds
obtained by electrospinning a solution of self-assembling peptides and
PCL in hexafluoroisopropanol (HFIP) showed that:

– the scaffolds presented a fibrous structure with fiber diameters
falling in the 100–200 nm range which is comparable with that
typical of the extracellular matrix (180±% 50) [34];

– enrichment with self-assembling peptides produced a higher
water wettability of the scaffold surface. Optimal cell adhesion oc-
curs in moderately hydrophilic substrates while highly hydrophil-
ic or hydrophobic materials hamper cell adhesion [35];

– SA-peptides strongly interacted with the polymer modifying the
melting of the hybrid material as revealed by differential scanning
calorimetry (DSC). The thermal behaviour of the matrices en-
riched with peptides cannot be attributed to a simple physical
blend. This assumption is corroborated by TSDC experiments pro-
viding information on the molecular mobility of the amorphous
phases of PCL matrices. The dielectric manifestation of the glass
transition associated with the unconstrained, mobile phase im-
plies motions of restricted enthalpy for the matrices enriched
with peptides when compared with control PCLs, revealing pep-
tide interactions not only with the crystalline phase of PCL but
also with the amorphous one. The lack of any measurable glass
transition on DSC thermograms for PCL/SA peptides, moreover,
clearly indicates that there has been a stiffening of the PCL matri-
ces that can be linked to enhanced mechanical properties, since
literature data show a good correlation between thermal and me-
chanical behaviors in PCL matrices [36].

– the peptides did not modify their secondary structure after
electrospinning maintaining β-sheet conformation that is funda-
mental for their self-aggregation and consequently for 3D scaffold
formation;

Maintainingβ-sheet conformation ismandatory for h-osteoblast ad-
hesion. As demonstrated by theMTT assay, osteoblasts mainly attach to
supports that are very close to the ECM. PCL and PCL/SA peptide matri-
ces thus increased cell adhesion as compared to TCPS and PCL/
RGD-EAKsc, a non SA peptide with the lowest β-sheet conformation.
It is noteworthy that the comparison between the RGD-EAK and
RGD-EAKsc outcomes demonstrated that the enhanced cell adhesion
observed was not dependent on the RGD adhesive sequence alone but
rather on the presence of the adhesive tripeptide in a well-defined 3D
environment. The increase in wettability produced by peptide addition,
moreover, demonstrated that cells detect and preferentially adhere to
hydrogel fibrous structure. Cell attachment to PCL and PCL/SA peptides
led to increased mRNA levels of the bone cell phenotype-related gene
alkaline phosphatase, outlining the role of the 3D hydrophilic structure
in the maintenance of the osteoblast phenotype. Only PCL/RGD-EAK,
PCL/DAK, and PCL/EAbuK, however, specifically increased calcium con-
tent and mRNA transcript levels of osteopontin (OPN), the gene coding
protein involved in cell attachment to bone-matrix. These data suggest
that there is a matrix-specific induction of intracellular signaling that
warrants further investigation to understand the function of peptides
and indicate that the most interesting ones for the future development
of hybrid scaffolds are RGD-EAK and EAbuK.

Conclusions

To summarize, nanofibrous biomimetic scaffoldswere developed by
mixing PCL with self-assembling peptides. The electrospinning process
did not perturb the secondary structure of the self-assembling peptides.

Five per cent peptide enrichment produced a higher surfacewettability,
an amorphous phase constrained by peptides, and enhancement of
h-osteoblast adhesion to maintain osteoblast differentiation and to
stimulate the expression of hALP, hOPN and hBSP genes.
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