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A B S T R A C T   

Electrospun fibers of shape memory triethoxysilane-terminated poly(epsilon-caprolactone) (PCL-TES) loaded 
with bioactive glasses (BG) are here presented. Unloaded PCL-TES, as well as PCL/BG nanocomposite fibers, are 
also considered for comparison. It is proposed that hydrolysis and condensation reactions take place between 
triethoxysilane groups of the polymer and the silanol groups at the BG particle surface, thus generating addi
tional crosslinking points with respect to those present in the PCL-TES system. The as-spun PCL-TES/BG fibers 
display excellent shape memory properties, in terms of shape fixity and shape recovery ratios, without the need 
of a thermal crosslinking treatment. BG particles confer in vitro bioactivity to PCL-based nanocomposite fibers 
and favor the precipitation of hydroxycarbonate apatite on the fiber surface. Preliminary cytocompatibility tests 
demonstrate that the addition of BG particles to PCL-based polymer does not inhibit ST-2 cell viability. This novel 
approach of using bioactive glasses not only for their biological properties, but also for the enhancement of shape 
memory properties of PCL-based polymers, widens the versatility and suitability of the obtained composite fibers 
for a huge portfolio of biomedical applications.   

1. Introduction 

The fabrication of tissue engineering scaffolds based on the use of 
shape memory polymers (SMPs) attracted the interest of the scientific 
community in the last decades. SMPs, investigated for the first time in 
the 1980s, are a class of stimuli-responsive polymers that can return to 
their initial permanent shape from a temporary programmed one after 
exposure to an external stimulus (i.e. temperature variation, solvent 
hydration, electric and magnetic field) [1–4]. SMPs are suitable for 
several biomedical applications [4–8], including the fabrication of clot 
removal devices, aneurysm occlusion devices, stents, devices for cardiac 
valve repair, occluders for congenital heart disease, orthodontics 

applications, and scaffolds for tissue engineering. In the latter case, 
SMPs have been proposed for the engineering of bone [9–13], cartilage 
[14], cardiovascular system [15,16], and trachea [17] as well as for the 
smart delivery of therapeutic agents [18–21]. Apart from their basic 
capability of permitting minimally invasive surgical implantation [4], 
SMPs have emerged as suitable materials for the fabrication of scaffolds 
or implants whose shape can be properly tuned immediately before or 
during their implantation, in order to perfectly fit with the dimensions 
and geometries of the portion of the tissue to be regenerated [9]. 
Properly crosslinked PCL-based scaffolds are particularly exploitable for 
this application. Indeed, showing a Tm above the human body temper
ature, when heated above this temperature they become malleable and 
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their shape can be easily modified. Upon cooling, the crystallization of 
the PCL domains causes the scaffolds to return to their rigid state, fixing 
the conferred shape, which is maintained also after implantation in the 
human body. This strategy would enable to solve many practical prob
lems, such as scaffold shape/position maintenance in the body and, 
through the combination with specific bioactive functionalities, 
shape-memory scaffolds favoring the tissue regeneration can be ob
tained. Moreover, a better fitting of the scaffold to the patients defect 
shape and size could be achieved with this approach. Different bioactive 
agents have been incorporated into SMPs, including hydroxyapatite 
[22–24], polydopamine [9], proteins [24] and chondrogenic molecules 
[14]. An additional advantage of SMPs is their easy processability, 
enhancing their possibility of applications. Most of the scaffold fabri
cation techniques used with SMPs are related to electrospinning [10,18, 
25–29], microsphere fabrication [12,13,30] and 3D or 4D printing [17, 
31]. Focusing on electrospinning, examples of processable SMPs are 
shape memory polyurethane (SMPU) block copolymers [32–34], 
degradable polyesterurethane multiblock copolymer consisting of crys
tallizable poly(ω-pentadecalactone) and poly(ε-caprolactone) [35], 
α,ω-triethoxysilane-terminated poly(ε-caprolactone) [25,26], dimetha
crylate poly(ε-caprolactone) [36], dimethacrylate poly(lactic acid) 
(PLA) and poly(vinyl acetate) (PVAc) [27]. Typical solvents involved in 
the process are tetrahydrofuran, dichloromethane, chloroform, N, 
N-dimethylformamide. Although electrospun fibers generally retain 
solvents only in traces, these can be definitely eliminated only by 
applying post-treatments, therefore, for the purpose of biomedical 
application the use of benign solvents for electrospinning is highly 
desired [37,38]. Motivated by the unique biomimetic morphological 
properties displayed by electrospun scaffolds, combined with the 
versatility of the technology that allows the incorporation of bioactive 
inorganic micro and nanosized particles inside fibers, we propose to 
incorporate bioactive glasses into shape memory fibers to develop a 
biomimetic, bioactive and shape-programmable osteogenic scaffold, 
using a benign solvent for the electrospinning process.. PCL-based 
electrospun composite fibers (without shape memory properties) con
taining bioactive glass particles have been already obtained by using 
both neat PCL and its blends with different natural and synthetic poly
mers [39–41]. 

In this work, we used the biodegradable and bioresorbable PCL, 
properly modified at chain-ends, to generate, via sol-gel chemistry, SiO2 
domains that act as permanent crosslinking points for shape recovery. 
Indeed, we previously demonstrated that the triethoxysilane-terminated 
PCL (PCL-TES) can be electrospun and exhibits shape memory proper
ties with a Ttrans corresponding to the melting temperature of PCL (about 
55 ◦C) [25,26]. Furthermore, to endow the scaffolds with bioactive 
functionalities, in the present study, we selected bioactive glasses (BGs) 
[42], which are well-known for their capability to bind the host tissue by 
forming a layer of hydroxycarbonate apatite on their surface (bioac
tivity). BGs show excellent osteoinductivity, antibacterial properties, 
capability to modulate angiogenesis, inflammatory process, and several 
other effects induced by the release of therapeutic ions suitable for bone 
and soft tissue engineering [43–46]. For this reason, the use of bioactive 
glasses for the fabrication of composite scaffolds, in particular in com
bination with polyesters (as PCL), also with the aim to improve scaffold 
properties as hydrophilicity and apatite forming ability, has been 
already reported in the last decades [47,48]. Beside the addition of those 
functionalities, in this work, we used BGs to exploit the formation of 
chemical interactions between the silanol groups at the particle surface 
and PCL-TES chain ends. It is thus expected that the chemical reactivity 
between the shape memory polymer and the inorganic additive will 
facilitate particle dispersion and will have an effect over shape memory 
properties. Electrospun fibers of crosslinked shape memory PCL-TES 
loaded with chemically reactive BGs have been fabricated by using 
benign solvents and characterized in their shape memory performances, 
incorporation of BG particles, acellular bioactivity and preliminary 
cytocompatibility. Unloaded shape memory PCL-TES fibers, as well as 

PCL/BG nanocomposites, were also considered for comparison. 

2. Materials and methods 

Materials: Poly(ε-caprolactone) (PCL) (Mn = 80000 g mol− 1, Sigma 
Aldrich) and glacial acetic acid 99.85% (VWR, Germany) were used for 
the electrospinning process of the neat uncrosslinked polymer. 
α,ω-Triethoxysilane-terminated poly(ε-caprolactone) (PCL-TES) was 
synthesized starting from an α,ω-Hydroxyl-terminated poly(ε-capro
lactone) (Mn = 10000 g mol− 1) and 3-(triethoxysilyl)propyl isocyanate 
(ICPTS), purchased from Sigma-Aldrich and used as received, according 
to the procedure reported by Paderni et al. [49] For the fabrication of the 
composite fibers, commercially available bioactive glass particles 45S5 
(Schott Vitryxx®), with composition 45 wt% SiO2, 24.5 wt% CaO, 24.5 
wt% Na2O, and 6.0 wt% P2O5 and nominal mean particle size of 2 μm, 
were purchased from Schott AG (Germany) and used as received. 

Electrospinning: Electrospinning was carried out by using a 
commercially available apparatus (Starter Kit 40 KV Web, Linari srl, 
Italy), comprised of a high-voltage power supply, a syringe pump, a 
syringe, a stainless steel blunt-ended needle (inner diameter 0.51 mm) 
connected with the power supply electrode and a grounded aluminum 
foil. PCL electrospun scaffolds were produced by dissolving the polymer 
at a concentration of 20% w/v in glacial acetic acid, according to the 
protocol previously reported by Liverani et al. [39]. Electrospun scaf
folds of neat PCL-TES were produced by dissolving the polymer at a 
concentration of 35% w/v in glacial acetic acid and left under stirring 
overnight at room temperature (RT). BG particles were dispersed in the 
polymeric solution with a concentration of 30 wt% with respect to the 
polymer content (corresponding to a 23 wt% of the total weight), after 
constant stirring for 10 min. The suspensions containing PCL (or 
PCL-TES) and BG particles were stable, without any visible precipitates. 
The stirring time and the electrospinning time were limited to 10 min for 
each step, according to previously optimized protocols [39–41]. 

For all solutions and suspensions, the optimized process parameters 
for electrospinning are summarized in Table 1. The electrospinning 
process was carried out at 24 ◦C and 40% of relative humidity. Elec
trospun meshes were maintained under vacuum at 4 ◦C until their 
characterization. 

Post-crosslinking: The post-crosslinking treatment was performed to 
increase the crosslinking density in PCL-TES and PCL-TES/BG scaffolds 
for enhancing their shape memory properties [25]. It consisted in stor
ing the electrospun mat at 40 ◦C for 72 h in the presence of an acid 
environment. PCL-TES and PCL-TES/BG scaffolds were hanged to a glass 
rod at the top of a beaker (200 mL). The beaker was filled with 100 mL of 
distilled water and 3 mL of HCl 37% (Sigma Aldrich). The mats were not 
in direct contact with the acid solution but only with its acidic vapors. 

Gel content: Specimens of PCL-TES and PCL-TES/BG, as-spun and 
post-crosslinked, were weighed to get their initial weight (m0) and then 
immersed in dichloromethane (DCM) (15 mL). After 17 h, the DCM was 
refreshed and after additional 2 h the excess of DCM was removed from 

Table 1 
Polymer concentration and electrospinning operating parameters for each 
solution.  

Sample Polymer 
concentration 
[w/v %] 

BG 
contenta 

[w/w %] 

Applied 
voltage 
[kV] 

Distance 
needle- 
target [cm] 

Flow 
rate 
[mL/ 
h] 

PCL 20 0 15 11 0.4 
PCL- 

TES 
35 0 20 15 2 

PCL/BG 20 30 15 11 0.8 
PCL- 

TES/ 
BG 

30 30 15 10 2  

a BG weight over polymer weight. 
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the samples. The swollen samples were dried at RT overnight in order to 
determine the residual mass (md) after the dissolution of non-crosslinked 
PCL-TES macromolecules. The gel content (G) was calculated according 
to Equation (1): 

G =
md − fBGm0

fPCL− TESm0
× 100 (1)  

Where fBG and fPCL-TES are the weight fractions of BG and PCL-TES 
measured by TGA, respectively. Gel content was measured on three 
replicates for each sample and results were provided as average ±
standard deviation. 

Characterization techniques: Fiber morphology and local elemental 
composition were investigated by SEM analysis, using the microscope 
Auriga Base (Carl Zeiss, Germany), equipped with an EDX modulus; 
samples were gold sputtered before the analysis using a sputter coater 
(Q150T, Quorum Technologies). Fiber average diameters were calcu
lated using ImageJ analysis software (NIH, USA) [50], after the mea
surement of 30 fibers from each sample. Transmission Electron 
Microscopy (TEM) observations were also carried out on as-spun sam
ples containing BG by using a Philips microscope with an acceleration 
voltage of 80 kV. 

Thermograms were acquired by means of a TGA Q500 (TA In
struments), under air atmosphere, by heating the sample from RT to 
600 ◦C with a rate of 10 ◦C/min; analysis was carried out by placing the 
sample in a platinum pan with a weight range of 5–10 mg. 

Calorimetric analysis of the electrospun mat was carried out with a 
DSC Q2000 (TA Instruments), equipped with a Liquid Nitrogen Cooling 
system (LNCS). Analyses were carried out under a 50 mL/min helium 
flow; the thermal program consisted in a first heating from − 100 ◦C to 
100 ◦C at a heating rate of 20 ◦C/min, a controlled cooling at 10 ◦C/min 
followed by a second heating scan. The DSC traces enabled to assess the 
glass transition (Tg) and the melting (Tm) temperatures of the produced 
mats; the crystallinity content (χc) was also determined by using Equa
tion (2): 

χc =
ΔHm

f ΔH0
m
× 100 (2)  

Where ΔHm is the melting enthalpy of either PCL or PCL/TES, f is the 
weight fraction of the polymer and ΔHm

0 is the melting enthalpy of the 
100% crystalline PCL (134.9 J/g [51]). 

One-way shape memory test: The shape memory behavior of the 
electrospun scaffolds was studied using a DMA Q800 (TA Instruments, 
New Castle, Delaware, U.S.A.) in tensile configuration. The specimens 
were cut into rectangular strips (gauge length: 8 mm; width: 5 mm, 
thickness: in the range 0.1–0.2 mm) and were preliminarily subjected to 
a thermal treatment consisting of heating the specimen at 85 ◦C, where 
the samples were allowed to shrink until a constant length was obtained. 
This treatment was necessary to gain samples with dimensional stability 
[25,52]. A thermo-mechanical loading-unloading cycle was then 
applied to assess shape memory properties, consisting in: (i) heating the 
specimen up to 80 ◦C, i.e. above polymer Tm, under a constant stress of 7 
kPa; (ii) deforming the specimen at 80 ◦C by applying a deformation of 
about 150%, under load control (loading rate: 0.04 N min− 1) to get the 
temporary shape (programming step); (iii) fixing the temporary shape 
by cooling the sample under fixed strain condition to 0 ◦C, and the 
unloading (fixing step); (iv) monitoring the shape recovery during a 
heating ramp at 3 ◦C/min up to 80 ◦C under a constant load of 0.007 N 
(recovering step). The shape memory behavior was described in terms of 
shape fixity ratio (Rf, Equation (3)), which quantifies the amount of the 
applied strain fixed at the end of the cooling step, and shape recovery 
ratio (Rr, Equation (4)), representing the amount of applied strain 
recovered by the specimen after heating to 80 ◦C and, thus, the ability to 
recover its permanent shape. These parameters were calculated as 
follows: 

Shape fixity (%) = Rf =
εunload

εapplied
× 100 (3)  

Shape recovery (%) = Rr =
εapplied − εres

εapplied − ε0
× 100 (4)  

where εapplied is the applied deformation (at the end of the programming 
step), εunload is the strain after load removal (at the end of the fixing 
step), εres is the residual strain measured after the recovering step, and 
ε0 is the strain before deformation. 

Acellular in vitro bioactivity: The in vitro bioactivity of the electrospun 
fibers was evaluated by investigating possible hydroxycarbonate apatite 
formation on the surface of the fiber during their immersion in simulated 
body fluid (SBF), properly prepared according to the procedure reported 
in literature [53]. This test was performed to assess any possible inhi
bition of the bioactivity (typical of BG particles) related to the electro
spinning process, incorporation in the polymeric fibers and interaction 
with the SMP. Samples were cut from the meshes with a circular form 
and fixed on scaffold holders for 24 multiwell plate (CellCrown, Scaff
dex, Sigma Aldrich) and were soaked into 15 mL of SBF at 37 ◦C. The 
amount of SBF solution was calculated accordingly to Kokubo et al. [53] 
After their removal from SBF, samples were gently washed with deion
ized water and dried at RT. The formation of apatite structures was 
assessed after 1 day and 7 days of immersion in SBF by combining SEM, 
EDX and FTIR analyses. 

Biological assay: ST-2 cells (Leibniz-Institut DSMZ—German Collec
tion of Microorganisms and Cell Cultures GmbH, Germany) were 
selected for their versatility for applications in hard and soft tissue en
gineering [54–56] for a preliminary evaluation of the cytocompatibility 
of PCL-TES and PCL-TES/BG electrospun fibers to assess possible effects 
related to the use of benign solvents and also to the presence of BG 
particles on the electrospun mats. Cell seeding and also the evaluation of 
cell adhesion and proliferation were performed according to the proto
col reported by Liverani et al. [38] Briefly, ST-2 cells were cultured in 
RPMI 1640 medium (Thermo Fisher Scientific), containing 10% fetal 
bovine serum (Lonza) and 1% penicillin/streptomycin (Lonza) and then 
seeded on the scaffolds, previously disinfected under UV light, by drop 
seeding 1.5 × 104 cells (in a drop of 100 μL) per scaffold. For the 
cytotoxicity assessment, WST-8 assay (Cell Counting Kit-8 (CCK-8), 
Sigma) was performed 1 and 7 days after the seeding. Cell nuclei and 
cytoskeleton were stained by using rhodamine phalloidin and DAPI 
(Thermo Fisher Scientific) according to the protocol reported in 
Ref. [37] and subsequently cell morphology was evaluated by using a 
fluorescence microscope (Axio Scope A1, Zeiss). 

3. Results and discussion 

Acetic acid, classified as benign solvent [38], was used for the 
fabrication of nanofibrous PCL and PCL-TES meshes containing BG 
particles and for the controls with neat polymers. The electrospinning 
process parameters for PCL and PCL/BG have been optimized in a pre
vious work [39]. In contrast, for PCL-TES formulations the previously 
used solvents mixture tetrahydrofuran (THF):dimethylformamide 
(DMF) [25,26] has been substituted with glacial acetic acid, where the 
water traces present in the solvent are enough to activate the hydrolysis 
of triethoxysilane terminal groups. The latter, through a sol-gel reaction 
between triethoxysilane terminal groups, contribute to increase polymer 
molecular weight and solution viscosity, thus enabling the obtainment 
of bead-free fibers, as previously demonstrated for another solvent 
mixture [25,26]. One main challenge faced during the preparation of 
PCL-TES composite fibers was the use of benign solvents for electro
spinning [38], applied to SMPs. In fact, in this case acetic acid represents 
a sub-optimal solvent for PCL-TES and optimization was needed in terms 
of appropriate suspension properties to allow the electrospinnability and 
the determination of the process parameters. 

Fig. 1 shows SEM images of the produced electrospun meshes, while 
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the corresponding fiber diameter distributions are reported in Fig. S1 
(enclosed in Supporting Information). PCL meshes showed a homoge
neous, bead- and defect-free morphology, with a mean fiber diameter of 
1.2 ± 0.4 μm; PCL-TES meshes were characterized by a less uniform 
morphology than PCL, with a mean fiber diameter of 1.4 ± 0.4 μm. The 
introduction of BG particles in the polymeric solutions caused an in
crease of the viscosity, in particular for the PCL-TES/BG system, a 
decrease of the polymer concentration from 35% w/v to 30% w/v was 
necessary to ensure the electrospinnability of the suspension and the 
production of composite meshes, requiring additionally a further opti
mization of the electrospinning parameters. The significant increment of 
viscosity is probably related to the hydrolysis and condensation re
actions between triethoxysilane groups of the polymer and the silanol 
groups at the BG particle surface, as highlighted in the scheme in Fig. 2. 
The optimization of the suspension composition and electrospinning 
parameters enabled to collect nanofibrous PCL/BG and PCL-TES/BG 
meshes with a mean fiber diameter of 0.3 ± 0.1 μm and 0.5 ± 0.2 μm, 
respectively, albeit some defects with irregular shape and rough surface 
are present along fibers, consistent with the presence of BG aggregates. 
Therefore, the addition of BG particles in both polymeric solutions has 
the effect of reducing the fiber diameter, ascribable to a massive change 
of solution properties as a consequence of the release of ions related to 
the BG partial dissolution. The presence of BG inside the fibers was 
further assessed by TEM analysis (Fig. 1E and F). Although this analysis 
could not be representative of the entire distribution of fiber diameters, 
being applicable only to fibers with diameters smaller than 200 nm, it 
provides reliable information about the distribution of inorganic 

particles in the fibers with low diameters. In both composites, the 
inorganic component is homogeneously distributed in the polymer 
matrix as particles of nanometric dimension, albeit the nominal 
dimension of BG particles is about 2 μm. It has to be considered that the 
BG particles used in the present work are characterized by numerous 
particles having size in the range of the declared nominal one as well as 
by several smaller particles, as previously reported in Ref. [39], which 
size could be already compatible with the reported incorporation inside 
the electrospun fibers. The morphological analysis of the BG particles 
before and after immersion in acetic acid is reported in Fig. S2. 

Electrospun samples were characterized by TGA to confirm the 
nominal concentration of bioactive glass particles in the fibers (Fig. 3A). 
PCL and PCL-TES show a single weight loss at a temperature of 
maximum degradation rate (Tmax) of 417 ◦C and 376 ◦C, respectively. 
Since the thermal degradation triggers the statistical chain cleavage in 
PCL, the lower thermal stability of PCL-TES compared to PCL is as
cribable to its lower molecular weight, as previously reported [57]. The 
presence of BG in the fibers anticipates the thermal degradation of the 
polymer both in the case of PCL and PCL-TES, which degrades with a 
multi-step process. This finding can be ascribable both to the action of 
water entrapped in the BG particles that promotes ester hydrolysis (both 
samples containing BG shows a modest but not negligible weight loss 
from RT to 150 ◦C of about 0.5% ascribable to water loss, Fig. S3 in 
Supporting Information), and to a reaction between the ester groups of 
the PCL and the SiO− groups present at the surface of bioactive glass 
particles, as previously reported [58]. The residual weight is correlated 
to the amount of BG in the fibers that was calculated by considering that: 

Fig. 1. SEM micrographs of the electrospun meshes obtained from glacial acetic acid solutions of (A) PCL, (B) PCL/BG, (C) PCL-TES, (D) PCL-TES/BG. Scale bars = 2 
μm. TEM images of (E) PCL/BG as spun fibers, (F) PCL-TES/BG as spun fibers. Scale bars = 500 nm. 
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(i) the polymeric component completely degrades at 600 ◦C and (ii) the 
residual weight % of BG particles is 94%. From the TGA curves, the 
effective BGs content is 25 wt% and 15 wt% for PCL/BG and 
PCL-TES/BG, respectively; this result confirms the nominal composition 
for PCL/BG, while for PCL-TES/BG a BG loading lower than expected 
was found. 

DSC analysis was also carried out to evaluate the effect of bioactive 
glass particles loading on fiber thermal transitions. The calorimetric 
heating scan performed after a controlled cooling at 10 ◦C/min (DSC 
controlled cooling scan showed in Fig. S4), is reported in Fig. 3B and the 
corresponding calorimetric data are listed in Table 2. All samples show 
the typical thermal transition of polycaprolactone: a Tg around − 60 ◦C 
followed by a broad melting endotherm with a Tm around 55 ◦C for PCL 
meshes and 53 ◦C for PCL-TES samples. The amount of crystal phase, 
calculated by considering the weight fraction of the polymer in the 
different samples, was lower in both composite meshes, with a higher 
decrement for PCL-TES/BG compared to PCL/BG, demonstrating that 
the presence of BG in the fibers slightly hinders the capability of PCL to 
crystallize while massively limiting the crystallization of PCL-TES. This 
result might be ascribed to the formation of chemical interactions be
tween the PCL-TES chain ends and the BG particles, with the consequent 
reduction of polymer chain mobility and crystallization kinetics. The 
intimate contact between the PCL-TES and the inorganic phase can also 
explain the different morphology displayed by the composite samples 
after the complete combustion of the polymeric phase in TGA, as re
ported in Fig. S5 in Supporting Information. In fact, after TGA analysis, 
the remaining inorganic phase of PCL/BG has a morphology comparable 
to BGs after the same thermal treatment, for PCL-TES/BG sample the 
polymer degradation left behind an inorganic phase that displays a more 
compact and continuous morphology, in line with the hypothesized 
chemical interaction between PCL-TES and BG. 

The involvement of BG in the sol-gel reaction of PCL-TES is further 
supported by the gel content results. The measurements were carried out 
on PCL-TES and PCL-TES/BG meshes, both as-spun and post-crosslinked 
(Table 3). As-spun PCL-TES showed a low gel content (33.4%) which 
increased to 52% after the thermal treatment. This result is in agreement 
with previous data that demonstrated that the post-crosslinking 

treatment was necessary to remarkably increase the gel content, thus the 
crosslinking degree, to exhibit shape memory properties, keeping at the 
same time the fibrous morphology, as reported in Fig. S6 [25,26]. 
Differently, in PCL-TES/BG the gel content was significantly higher 
(87.1%) just after electrospinning and remained constant after the 
post-crosslinking. It is thus evident that bioactive glass contributes to 
reduce the soluble fraction of fibers by promoting hydrolysis and 
condensation of PCL-TES terminal groups by acting as crosslinking 
agents, as illustrated in the scheme in Fig. 2. 

DSC analysis was also performed to investigate the effect of the 
crosslinking on the thermal transitions of the scaffolds. The calorimetric 
heating scan performed at 20 ◦C/min after a controlled cooling at 10 ◦C/ 
min is reported in Fig. S7 and the relative calorimetric data are listed in 
Table S1. It is observed that the melting enthalpy of PCL-TES/BG is not 
affected by the crosslinking treatment. Conversely, the melting enthalpy 
of PCL-TES is slightly lower in the crosslinked sample with respect to the 
corresponding as-spun mat. This result is in line with the significant 
increase of gel content after thermal treatment for the latter sample. 

The shape memory performances of the scaffolds were investigated 
by applying a conventional cyclic shape memory testing methodology 
(Fig. 4A reports a representative strain-stress-temperature curve). The 
cycle consisted in a first “programming step” where the material was 
kept at 80 ◦C (above Tm), to melt PCL crystal phase, and deformed at a 
given level of applied strain, εapplied (Fig. 4A, step a-b). The “fixing step” 
followed, where the material was cooled under fixed strain at 0 ◦C 
(below polymer Tc, Fig. 4A, step b-c) and the applied strain was fixed 
thanks to the formation of PCL crystal phase. The load was then removed 
(Fig. 4A, c-d) and the residual strain at unloading (εunload) was 
measured. The final “recovery step” monitored the strain reduction 
during a heating ramp to temperatures above melting (Fig. 4A, d-e), 
until a final value of residual stress, εres, was attained. 

This kind of thermo-mechanical cycle was applied to post- 
crosslinked PCL-TES and PCL-TES/BG mats. The latter was investi
gated both as spun and after post-crosslinking treatment. Table 4 reports 
the shape fixity (Equation (3)) and the shape recovery at 80 ◦C (Equation 
(4)). For all tested samples, the shape fixity was excellent and the shape 
recovery was higher than 90% for all samples: PCL-TES/BG post- 

Fig. 2. Scheme of the proposed mechanism of polymer/BG binding in the PCL-TES/BG system with the formation of additional crosslinking points derived from the 
hydrolysis and condensation reactions of PCL-TES chain ends with BG particle surface. 
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crosslinked showed the highest shape recovery (96%), followed by PCL- 
TES post-crosslinked (94%) and PCL-TES/BG as spun (92%). The 
excellent shape memory properties displayed by as-spun PCL-TES/BG 
are worthy of attention: these fibers, due to the presence of BG particles, 
do not require to be thermally treated to be crosslinked, as previously 
discussed. Conversely, the as-spun PCL-TES cannot sustain the thermo- 
mechanical cycle, since when heated at 80 ◦C it melts losing its 
fibrous structure, as previously found [25]. 

The high shape recovery measured for all the tested electrospun 
samples is not apparently linked to the crosslinking degree, as high
lighted by PCL-TES post-crosslinked that, albeit having a gel content of 
only 52%, showed a shape recovery of 94%. A similar result was 

Fig. 3. A) TGA curves of PCL (black), PCL/BG (blue), PCL-TES (red), PCL-TES/ 
BG (green) and BG particles (pink); B) DSC heating scan after cooling of PCL 
(black), PCL/BG (blue), PCL-TES (red) and PCL-TES/BG (green). (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

Table 2 
Calorimetric data of electrospun samples (heating scan performed at 20 ◦C/min 
after a controlled cooling at 10 ◦C/min).  

Sample Tg 

[◦C] 
ΔCp [J/ 
g◦C] 

Tm 

[◦C] 
ΔHm [J/ 
g] 

ΔHm-PCL 

[J/g]a 
χc 

[%]b 

PCL − 61 0.18 55 66 66 49 
PCL/BG − 62 0.12 56 47 63 47 
PCL-TES − 62 0.20 53 71 71 53 
PCL-TES/ 

BG 
− 59 0.15 53 51 60 44  

a ΔHm relative to the weight amount of PCL in the sample. 
b Calculated by applying Equation (2) reported in the Experimental Section, 

where f = 1 for PCL and PCL-TES and f = 0.75 for PCL/BG and f = 0.85 for PCL- 
TES/BG. 

Table 3 
Gel content of as-spun and crosslinked PCL-TES and PCL-TES/BG.  

Sample G [%]a 

PCL-TES as-spunb 33.4 ± 0.6 
PCL-TES post-crosslinkedb 52 ± 1 
PCL-TES/BG as-spunc 87.1 ± 0.5 
PCL-TES/BG post-crosslinkedc 87.4 ± 0.6  

a Gel content was calculated according to Equation (1), reported 
in the Experimental Section. 

b In Equation (1): fBG = 0 and fPCL-TES = 1. 
c In Equation (1): fBG = 0.15 and fPCL-TES = 0.85. 

Fig. 4. A) Thermo-mechanical cycle for evaluating shape memory properties: 
a) sample is kept at 80 ◦C (above polymer Tm) at a ε0 = 0%; a-b deformation 
stage load control (loading rate: 0.04 N min− 1) up to εapplied; b-c cooling under 
fixed strain; c-d unloading (sample deformation in d is εunload) and d-e heating 
and recovery up to εrec. B) Normalized shape recovery evolution over temper
ature for the different samples: PCL-TES post-crosslinked (blue), PCL-TES/BG as 
spun (red) and PCL-TES/BG post-crosslinked (black). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 4 
Shape fixity (Rf) and shape recovery (Rr) capabilities.  

Sample Rf
a Rr

b 

PCL-TES post-crosslinked 100% 94% 
PCL-TES/BG as-spun 100% 92% 
PCL-TES/BG post-crosslinked 100% 96%  

a Shape fixity was calculated according to Equation (3), reported in the 
Experimental Section. 

b Shape recovery was calculated according to Equation (4), reported in the 
Experimental Section. 
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previously reported for such a kind of PCL-based electrospun samples 
where the deformation applied during the “programming step” pro
moted a significant fiber alignment and the macroscopic shape recovery 
was accompanied by a microscopic recovery of the randomly oriented 
fiber structure [25]. The excellent recovery of both microscopic and 
macroscopic shapes can be in part ascribed to the presence of fiber 
“fusion” at contact points that resist the different steps of the thermo
mechanical cycle and prevent fibers from slipping from each other. 

Shape recovery as a function of temperature is reported in Fig. 4B. 
The recovery started from 53 ◦C, 50 ◦C and 45 ◦C for PCL-TES post- 
crosslinked, PCL-TES/BG post-crosslinked and PCL-TES/BG as spun, 
respectively. Since the recovery process takes place upon crystal phase 
melting, it is expected that the onset temperature of recovery is strictly 
correlated to the onset of melting temperature and to the distribution of 
crystallite population [29]. The DSC analysis carried out by applying the 
same thermal program used for shape memory test, indeed, revealed the 
presence of different crystal populations in the samples under investi
gation (Fig. S6 in Supporting Information). The melting peaks of 
PCL-TES/BG as-spun and of PCL-TES post-crosslinked overlap in the 
low-temperature region but the latter displays a significant fraction of 
high-melting crystallites, thus requiring the highest temperature for 
achieving chain mobility and unblocking the temporary shape among 
the investigated sample. The PCL-TES/BG post-crosslinked shows a 
melting peak similar to the corresponding as spun fibers but shifted to 
higher temperatures, in line with the corresponding shift of the shape 
recovery to higher temperatures. 

After immersion in SBF for 7 days, all electrospun samples preserved 
their fibrillary morphology, as reported in Fig. 5. Moreover, for the PCL/ 
BG and PCL-TES/BG composite meshes it was possible to observe 
mineralization already after 1 day of immersion (data shown in Fig. S8), 
which was more evident and homogenous after 7 days of immersion, as 
reported in Fig. 5B and D. As expected, no deposition on the fiber surface 
was noticed for PCL and PCL-TES meshes (Fig. 5A and C). Evidence of 
mineralization in composite electrospun fibers incorporating bioactive 
glass has been already reported in literature [39,59,60], confirming that 
the incorporation of BG particles does not affect or inhibit their bioac
tivity. Usually, mineralization is associated with applications in bone 
tissue engineering or interface tissue engineering focused on hard-to-soft 
interfaces (i.e. cartilage-bone, muscle/ligament-bone, etc.), but its 

suitability also for soft tissue engineering applications is still a topic of 
discussion in the scientific community [45,61]. 

EDX analysis was also carried out on composite fibers before and 
after immersion in SBF solution and results are reported in Fig. 6. Even 
though it is not possible to use EDX analysis for quantitative evaluation, 
the information provided about the elemental analysis of the particles 
inside composite fibers and deposits after immersion, already high
lighted in Fig. 5, confirmed the presence and incorporation of BG par
ticles in the polymeric fibers (as-spun), as already shown above by using 
TEM analysis. After immersion in SBF, the formation of hydroxycar
bonate apatite is confirmed for both PCL/BG and PCL-TES/BG samples. 

To further investigate the nature of those deposits, FTIR analysis has 
been performed and the spectra are reported in Fig. 7. FTIR analysis 
shows that all the spectra (before and after immersion in SBF) present 
the main bands related to PCL, as previously reported [39]. In the 
spectra of the as-spun fibers (Fig. 7A) it is possible to detect the presence 
of the BG particles in both composites because of the wide band centered 
around 500 cm− 1, which could be ascribable to Si–O–Si rocking [62,63]. 
The immersion in SBF (Fig. 7B) did not modified the FTIR spectra of the 
neat polymeric fibers (PCL and PCL-TES). Whereas, for what concerns 
the spectra of both composites fibers, new bands, which could be related 
to the samples’ bioactivity, appeared: absorption peaks at 560 and 600 
cm− 1 can be ascribed to P–O bending vibration in crystalline phosphate 
[62] and the peaks centered at 875 and 1030 cm− 1 can be related to 
CO3

2− bending and Si–OH stretching vibrations, respectively [62]. 
These bands are typical of BG powders immersed in SBF solution, 
meaning that the incorporation of the BG particles in the fibers did not 
affect their bioactivity, which is maintained in the fibers. The combi
nation of EDX and FTIR results enabled to conclude that the precipitates 
covering the fiber surface are hydroxycarbonate apatite structures, 
confirming, therefore, the in vitro bioactivity conferred by the BG par
ticles to PCL-based composite meshes. Concerning the evolution of the 
formation of this hydroxycarbonate apatite layer, in Figs. S8A and C it is 
possible to observe the morphology after one day of immersion in SBF, 
in comparison with the analysis provided for the samples after 7 days of 
immersion (Figs. 5 and 6). Moreover, the FTIR spectra in Figs. S8B and D 
reported the evolution of the peaks related to the mineralization and the 
progressive increase of the bands related to phosphate and carbonate 
groups centered at 1030, 875, 560 and 600 cm− 1. 

Fig. 5. SEM images of electrospun meshes after 7 days of incubation in simulated body fluid. (A) PCL, (B) PCL/BG, (C) PCL-TES, (D) PCL-TES/BG. Scale bar = 1 μm.  
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Fig. 6. SEM/EDX analysis on PCL/BG and PCL-TES/BG samples before (d0) and after 7 days (d7) of immersion in SBF. Scale bar = 10 μm.  

Fig. 7. FTIR analysis of PCL, PCL-TES, PCL/BG and PCL-TES/BG fibers as-spun (A) and after 7 days of immersion in SBF (B). Main peaks indicated on the spectra are 
discussed in the text. 

Fig. 8. (A) WST-8 assay results: OD at 450 nm after 1 and 7 days from cell seeding; (B,C) cell nuclei (blue, DAPI) and cytoskeleton (red, rhodamine phalloidin) of ST- 
2 cells on PCL-TES (B) and PCL-TES/BG (C) 7 days after seeding. Scale bar = 50 μm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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Respect to other composite electrospun fibers incorporating bioac
tive glass, it is worth to notice that the BG particles were not released 
upon immersion in SBF, as reported in Ref. [41], being able to show the 
formation of a hydroxycarbonate apatite layer. This property, added to 
the shape memory one, highlights the novelty of this work and the po
tential of the novel fiber mats for future applications. 

Preliminary cytocompatibility tests have been carried out on PCL- 
TES and PCL-TES/BG mats and the obtained results are reported in 
Fig. 8. From the evaluation of the values of the optical density (OD) at 
450 nm, it is possible to observe that comparable values have been 
obtained for the two samples at both time points, demonstrating that the 
addition of bioactive glass particles and the released ions do not affect or 
inhibit cell viability. Moreover, for both samples cell proliferation could 
be evaluated considering the ratio obtained by dividing the average OD 
value at the time point d7 by the same value at d1. These ratios, 17.7 and 
17.1 for PCL-TES and PCL-TES/BG, respectively, are quite high if 
compared with the same ratio calculated for other PCL-based composite 
electrospun fibers [41]. Also, the cell morphology reported in Fig. 8B 
and C shows a comparable distribution of cells, which appeared elon
gated in both electrospun mats. 

4. Conclusion 

In this work, nanocomposite electrospun fibers with excellent shape 
memory properties have been successfully obtained by using PCL-TES 
and bioactive glass particles. The hybrid PCL-TES/BG nanostructure 
was designed to provide bioactivity to the polymeric shape memory 
material, and at the same time, to exploit the formation of chemical 
interactions between the silanol groups at the particle surface and PCL- 
TES chain ends to improve crosslinking with respect to plain PCL-TES. 
Fiber characterization was firstly focused at confirming and investi
gating the incorporation of BG particles in the electrospun fibers. 
Characterization of the shape memory properties demonstrated that for 
all tested samples excellent shape fixity and shape recovery higher than 
90% were obtained. It is worth noting that PCL-TES/BG showed 
remarkable shape memory parameters even in the absence of further 
post-crosslinking treatment due to the presence of BG particles. Evi
dence of mineralization in PCL/BG and PCL-TES/BG composite elec
trospun fibers confirmed that BG particles confer in vitro bioactivity to 
PCL-based nanocomposite fibers. The addition of BG particles to PCL- 
based polymer fibers maintains cytocompatibility and it does not 
inhibit ST-2 cell viability. The fabrication of fibrous nanocomposites 
reported in this work has been demonstrated to be a simple but powerful 
tool to obtain biomimetic and biocompatible materials with attractive 
shape memory behavior, combined with bioactivity, suitable for bone 
and soft tissue engineering applications. 
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