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A B S T R A C T

The aim of this study was to fabricate and characterize biodegradable polycaprolactone fumarate(PCLF)/gelatin-
based nanocomposite incorporated with the 0, 5 and 10wt% silicon and magnesium co-doped fluorapatite
nanoparticles (Si-Mg-FA) membranes using electrospinning process for guided bone regeneration (GBR) and
guided tissue regeneration (GTR) applications. Results demonstrated the formation of randomly-oriented and
defect-free fibers with various fiber sizes depending on the Si-Mg-FA content. Moreover, incorporation of 5 wt%
Si-Mg-FA significantly improved the mechanical strength (1.5times) compared to the mechanical strength of
PCLF/gelatin membrane and nanocomposite with 10wt% nanoparticles. There was no clear difference between
degradation rate of PCLF/gelatin and PCLF/gelatin with 5 wt% nanoparticles at 7, 14 and 28 days of immersion
in phosphate buffer saline while 10wt% nanoparticles significantly increased biodegradation of PCLF/gelatin,
and no cytotoxic effect of membranes was seen. Finally, scanning electron microscopy (SEM) micrographs of
fibroblast cells cultured on the samples demonstrated that the cells were completely attached and spread on the
surface of nanocomposites. In summary, PCLF/gelatin membranes consisting of 5 wt% Si-Mg-FA nanoparticles
could provide appropriate mechanical and biological properties and fairly good degradation rate, making it
appropriate for GTR/GBR applications.

1. Introduction

Nano composite membranes consisting of polymer matrix re-
inforced with ceramic nanoparticles are applied for guided bone re-
generation (GBR) and guided tissue regeneration (GTR) applications.
GTR/GBR membranes should be porous for cellular adaption and suf-
ficient nutrient permission. Generally, the membranes are divided into
two groups of bio-resorbable and non-resorbable [1]. Non-resorbable
membranes such as expanded polytetrafluoroethylene (e-PTFE) should
be removed after implantation via a second surgery, on the contrary
bio-resorbable membranes such as collagen membranes not only do not
need to be removed, but also should retain their structural integrity

during healing. This attractive property has recently made bio-resorb-
able membranes promising for GTR/GBR applications [2]. However,
fast degradation of the current resorbable membranes is the main
challenge leading to degradation before complete tissue regeneration
[3]. Consequently, various researches have been recently performed on
different new membranes with controlled degradation rate and greater
mechanical strength [4–6]. Between them, composite membranes
containing natural polymers (such as gelatin, collagen, …) and syn-
thetic polymers (such as poly(caprolactone) (PCL), poly(lactic acid)
(PLA) and poly(glycolic acid) (PGA)) as well as bioactive nanoparticles
could be good candidates for GBR and GTR applications [5,7–9]. Re-
cently, polycaprolactone fumarate (PCLF), a derivate of PCL, has been
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introduced as a crosslinkable polymer for tissue engineering applica-
tions and drug delivery vehicles [10–13]. The mechanical, thermal, and
rheological properties of PCLF, for instance, the tensile modulus, can
vary from 0.87 to 138MPa depending on the molecular weight of the
polycaprolactone diol(commercially polycaprolactone diol of 530,
1200, or 2000 g/mol molecular weight are available) [10]. However,
degradation rate of PCLF is not suitable for GTR/GBR membranes.
Moreover, this polymer is not bioactive; therefore, its application with
various degradable natural polymers and bioactive ceramics could be
appropriate for GBR/GTR applications.

Among various kinds of bioactive bioceramics, hydroxyapatite
[Ca10(PO4)6(OH)2, HA] is of great importance because of its similarity
to mineral part of bone [14]. Bone mineral contains several ionic sub-
stitutions (e.g. Na+, Mg2+, Cl−, SiO4

4− and F−) in comparison to
synthesized HA [14–16]. Among them, magnesium is a crucial element
for cellular and enzymatic reactions as well as bone mineralization
[17,18]. In other words, silicon plays a critical role in bone calcification
process, and doping the silicate groups into HA improves its osteoblast
cell activity [19,20]. Bone cells proliferate more rapidly in the presence
of soluble silicon [20], and fluoride ions replace hydroxyl groups in the
apatite lattice structure, leading to the formation of fluorapatite (FA).
Fluoride ions increase the stability of apatite and thereby decrease the
solubility of FA in comparison to HA [21]. Fluorine ions suppress dental
and bone caries [14]. Moreover, FA not only provides greater protein
adsorption and cell attachment with respect to HA [22], but also pro-
motes proliferation, morphology and differentiation of osteoblast cells
[23]. In addition, other investigations show that silicon and magnesium
substituted into the fluorapatite structure improve its bioactivity, cell
proliferation and cell viability [24–26].

Various strategies have been applied to develop GTR/GBR mem-
branes. Among them, electrospinning method is an effective approach
which could provide a porous structure similar to the natural extra-
cellular matrix [5,9]. However, a wide range of polymers such as PCLF
are not electro-spinnable due to their low molecular weight. Blending
these polymers with various types of suitable polymers with appro-
priate molecular weight is the main solution.

The aim of this research was to develop porous biodegradable na-
nocomposite membranes based on PCLF/gelatin incorporated with F,
Mg and Si doped HA nano-powder using electrospinning process for
GTR/GBR applications. Moreover, the structural, chemical and me-
chanical characteristics of nanocomposite membranes as well as in-
vitro biodegradation and cell behavior were investigated in detail.

2. Materials and methods

The starting materials used in this investigation were silicon and
magnesium co-doped fluorapatite nanoparticles (Si-Mg-FA), gelatin and
polycaprolactone fumarate (PCLF).

2.1. Si-Mg-FA fabrication

In our previous study [27], Si–Mg–FA nano-powder (NP) was pre-
pared using high-energy ball milling method. A mixture of phosphorous
pentoxide (P2O5, Merck), calcium hydroxide (Ca(OH)2, Merck), mag-
nesium hydroxide (Mg(OH)2, Merck), calcium fluoride (CaF2, Merck)
and silicon oxide (SiO2, Sigma-Aldrich) powders was mechan-
ochemically activated using a high energy planetary ball mill (Fretch
Pulverisette 5) with a 125mL zirconia vial and four zirconia balls with
20mm in diameter at ambient temperature. Mechanochemical activa-
tion was performed using ball/powder mass ratio of 25:1 and rotation
speed of 250 rpm. Ca9.5Mg0.5 (PO4)5.5 (SiO4)0.5F1.5 was fabricated. As
shown by transmission electron microscopy (TEM; CM120, Philips)
image in Fig. 1, particles have agglomerated spherical shape
morphologies with a mean diameter of about 30 nm.

2.2. Preparation of PCLF macromer

PCLF macromer was primarily synthesized by condensation reaction
of polycaprolactone (PCL) diols with fumaryl chloride (FuCl) in the
presence of potassium carbonate according to the previously reported
procedure [28]. All aforementioned chemicals and anhydrous di-
chloromethane (DCM) were purchased from Sigma–Aldrich Co. (Mil-
waukee, WI) and Merck Co. Prior to the reaction, a certain amount of
PCL diol and potassium carbonate was dried under a vacuum at 60 °C
and 100 °C for 24 h, respectively. Moreover, DCM was dried in the
presence of calcium hydride. In addition, FuCl was distilled under va-
cuum at 161 °C. After drying and milling, 18 g (0.13mol) of potassium
carbonate was poured in a three-neck glass flask consisting of a reflux
condenser under flowing nitrogen gas. Consequently, 225 g (0.11 mol)
of PCL diol dissolved in 600mL DCM was poured into the flask. The
reaction vessel was heated to 40 °C by means of an oil bath, and then
17.2 g (0.11mol) of freshly distilled FuCl dissolved in 20mL methylene
chloride was added drop-wise into the flask. After 12 h heating, the
solution was centrifuged at 4000 rpm for 1 h to remove potassium
carbonate, and then it was washed with de-ionized water. Subse-
quently, the resulting product was put in a rotary evaporator (heidolph)
at 55 °C and at a pressure of 10mmHg for 10 h. Finally, the resulting
powder was placed in a vacuum oven at 30 °C for 24 h and subsequently
stored in tight bottles in the dark at −20 °C until use.

2.3. Fabrication of PCLF/gelatin based nanocomposite membranes

Gelatin type A and 1-ethyl-3-(dimethyl-aminopropyl) carbodiimide
hydrochloride (EDC) as a cross-linking agent were obtained from
Sigma–Aldrich (St Louis, MO, USA).

Polymer solution of PCLF:gelatin with 1:1 weight ratio were pre-
pared in 80% (v/v) acetic acid solution and mixed for 12 h at a final
polymer concentration of 30 wt%. In order to cross-link the PCLF, the
photo-initiator Irgacure 819(Merck Co) (5 wt% PCLF) dissolved in N-
vinyl pyrrolidinone (Merck Co) (NVP, 20 wt% PCLF) was added to the
PCLF solution. Subsequently, various concentrations of Si–Mg–FA na-
nopowders (0, 5 and 10wt%) were added to polymer solution and
mixed for 2 h in order to provide a uniform suspension. Electrical
conductivity of solutions was evaluated by conductivity meter
(JENWAY 4310). After 2 h ultrasonication, the suspensions were loaded
into a 1mL plastic syringe fitted with a stainless-steel blunt needle of
23 G in diameter using an infusion pump. The electrospinning para-
meters consisting of voltage (22 kV), feeding rate (2 mL/h) and the

Fig. 1. TEM image of Si-Mg-FA nano-particles.
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working distance between the flat collector and needle (15 cm) were
kept constant throughout the experiments. In order to crosslink the
PCLF during electrospinning process, the electrospinning apparatus was
placed under UVA light with a distance of 10 cm from the lamp head.
The crosslinking process was continued for 5 h at 50 °C after electro-
spinning process. Moreover, in order to crosslink gelatin, electrospun
membranes were immersed in 90% (v/v) ethanol solution containing
75mM EDC for 12 h at 5 °C. After crosslinking, the membranes were
rinsed with phosphate buffer solution (PBS, Gibco, USA) to remove the
residual crosslinking agent. Finally, the membranes were put under a
vacuum desiccator overnight. In order to evaluate the role of PCLF in
the properties of the membranes, pure gelatin fibrous membrane (G
membrane) was similarly fabricated via electrospinning process.
According to the concentration of Si–Mg–FA nanopowder in the PCLF/
gelatin membranes (0, 5 and 10wt%), the samples were named P-G, P-
G-5NP and P-G-10NP.

2.4. Characterization of PCLF/gelatin based nanocomposite membranes

The morphology of the fibrous membranes was examined with
scanning electron microscopy (SEM; Philips XL30). Before observation,
the samples were sputter coated with Au in a sputter coater (Bal-Tec
SCD 005) to prevent sample charging during imaging. Based on the
SEM images, the average diameter of electrospun fibers was determined
by measuring the single arbitrarily selected fibers using image analysis
software (Image J, National Institutes of Health, USA). Moreover, the
morphology and spatial distribution of the Si–Mg–FA nanoparticles
within the nanocomposites membranes were examined by transmission
electron microscopy (TEM, Philips EM208S). The TEM samples were
prepared by depositing the as-spun fibers on carbon-coated copper
grids. The accelerating voltage was 100 kV.

Fourier transform infrared spectroscopy (FTIR, Bomem MB100) was
performed over a range of 400–4000 cm−1and resolution of 1 cm−1 to
verify the chemical composition (functional groups) of the PCLF and
composites. Moreover, x-ray diffraction (XRD) patterns of the samples
were performed by a Philips X'Pert x-ray diffractometer with CuKα ra-
diation (λ=0.1542 nm) over a 2θ range of 10–60° (time per step: 1 s
and step size: 0.02°) under a voltage of 40 kV and a current of 30mA.
The crystalline phases were identified by comparing the obtained ex-
perimental patterns with the JCPDS cards.

2.5. Evaluation of wettability

The hydrophilicity of the membranes was measured using the static
sessile drop technique. In this way, approximately 2 μl of water
(pH=7.0) was injected different sites of membranes and its contact
angle was determined using video contact angle measurement setup
(VCA Optima, AST Inc.) after a static time of 20 s. The reported values
are presented as mean ± standard deviation.

2.6. Evaluation of PCLF crosslinking

In order to measure the amounts of crosslinked polycaprolactone
fumarate, different percentages of Irgacure (2, 5, 15 wt% PCLF) were
used as optical initiator materials. Moreover, NVP (20 wt% PCLF) was
used as an active diluent. After the crosslinking process, the samples
were precisely weighed (W0), and then they were incubated in di-
chloromethane (DCM) for 24 h at room temperature. Subsequently, the
samples were taken out from DCM, dried and weighed (W1).
Uncrosslinked PCLF was dissolved in DCM. The weight loss of samples
(Wloss) was calculated according to the following equation:

= − ×Weight loss (%) ((W W )/W ) 1001 0 0 (1)

2.7. Evaluation of mechanical properties

According to ASTM D638-10 standard, the mechanical properties of
the samples (P-G, P-G-5NP and P-G-10NP) were evaluated by uniaxial
tensile testing (Zwickmaterialpufung 1446) at a cross-head speed of
1mm.min−1 with a 10 N load cell. The samples were carefully cut into
the rectangular dimension of 10mm width and 50mm length. Ultimate
tensile strength (UTS), elastic modulus (E) and strain at failure (%)
were calculated from the stress-strain curves. Five samples were tested
for each type of electrospun membranes, and the results are reported as
means± standard deviation (SD).

2.8. Degradation rate evaluation

In vitro degradation behavior of membranes was studied by mea-
suring their weight loss in phosphate buffered saline (PBS) solution
according to ASTM F1635-95. In this regard, the membranes with the
dimension of 20 mm×20 mm×2 mm (length, width, thickness) were
precisely weighed (W0), and then they were incubated in PBS for 1, 4, 7,
14, 21 and 28 days in a continuous shaking water bath at 37 °C. At
predetermined periods, the samples were rinsed 3 times with distilled
water and dried at room temperature for 4 days. The weight loss of
samples (Wloss) was calculated according to the following formula:

= − ×Weight loss (%) ((W W )/W ) 100d 0 0 (2)

Moreover, the morphology of the membranes, after soaking for
7 days, was investigated using SEM technique.

2.9. Cell culture

The cell-membrane interaction was investigated using Mouse fi-
broblast cells (L929 Cell, purchased from the Pasture Institute of Iran).
Before cell seeding, the samples were sterilized with 70% ethanol, and
subsequently washed with PBS, followed by irradiation under UV for
8 h. Cells were grown in Dulbecco's modified Eagle's medium (DMEM)
containing 10% (v/v) fetal bovine serum (FBS) supplemented with 1%
penicillin (v/v) and 100 units/mL penicillin-streptomycin at 37 °C with
5% CO2 in a humidified incubator. After reaching 80% confluency, the
cells were detached with trypsin and then 2×104 cells were seeded on
sterilized samples in a 24-well plate. Borosilicate glass cover slips with
no sample were used as a reference substrate in experiments.

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide, a tetrazole) assay was employed to evaluate the cytotoxicity of
the samples. In this way, after 3 days of culture, the MTT solution was
added to each well and the plates were incubated for 4 h. After that,
250 μL dimethyl sulfoxide (DMSO) was added to each well to dissolve
the formazan crystals formed by living cells. The plates were then
gently shaken for 25min and the optical density (OD) was read using
ELISA instrument at 540 nm (all materials were purchased from Sigma
and Merck Companies).

The morphology of fibroblast cells cultured on the membranes was
studied by SEM imaging. After 3 days of culture, the cells were fixed in
2.5% glutaraldehide for 3 h at room temperature, dehydrated in a
graded series of ethanol solution (50%, 70%, 80%, 90% and absolute
ethanol) and finally air-dried. In order to study cell morphology, cell
cultured samples were gold coated and studied by SEM (Philips XL30,
USA).

2.10. Statistical analysis

Data were presented in mean ± standard deviation (SD). Statistical
significance was measured by using one-way ANOVA analysis and
comparisons were made by Tukey's post-hoc test using GraphPad Prism
Software (V.5). A P-value < 0.05 was taken to be significant.
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3. Results and discussion

3.1. Characterization of PCLF/gelatin based nanocomposite membranes

SEM images of the electrospun P-G, P-G-5NP and P-G-10NP fibrous
membranes are presented in Fig. 2. All membranes consisted of ran-
domly-oriented and bead-free fibers with uniform and smooth surfaces.
However, it could be found that the morphology of fibers including
diameter, porosity and surface structure was influenced by many pro-
cessing parameters such as viscosity of suspension determined by
polymer concentration and additives, spinning voltage, solution feeding
rate, needle inner size and working distance in the electrospinning
apparatus. Here, as mentioned in Section 2.3, voltage, working dis-
tance, feeding rate and needle size were constant. According to Fig. 2,
the average size of fibers was reduced from 618 ± 268 nm (in P-G
sample) to 319 ± 117 nm (in P-G-5NP) and 523.822 ± 132.664 nm
(in P-G-10NP). Our results showed that incorporation of 5 wt%

Si–Mg–FA nanoparticles resulted in reduced fiber diameter and en-
hanced porosity (up to 5%), more nanoparticles(10%) resulted in en-
hanced average fiber diameter due to the agglomeration of nano-
particles in comparison to 5% nanoparticles. Agglomerated
nanoparticles were shown in Fig. 2(c) with the average size of
1172.570 ± 447.310 nm. Similarly, previous investigations revealed
that less viscosity resulted in a thinner fiber diameter [29–31]. In fact,
the less viscosity solutions make it easy to force through the syringe
needle of the apparatus, increasing the flow rate. Electrical conductivity
of polycaprolactone fumarate/gelatine solution is 639 μs/cm. when
5wt% nanoparticles were added to the polymer solution, electrical
conductivity doubled. Addition of 10 wt% nanoparticles to polymer
solution increased conductivity (2.6 times polymer solution), in this
case nanoparticles were agglomerated and settled down very soon.
Apatite nanoparticles have ionic bond properties and Zong et al. [32]
pointed out that the addition of some salt with ionic bond properties
into a polymer solution resulted in a higher charge density on the

Fig. 2. SEM images and fiber size distribution of (a) P-G, (b) P-G-5NP and (c) P-G-10NP membranes. The red circles reveal the agglomeration of nanoparticles. (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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surface of the solution jet. More electric charges to the jet led to higher
elongation forces, resulting in a thinner fiber diameter.

The spatial particle size distribution and morphological shape of
Si–Mg–FA nanoparticles embedded in the fibers was also evaluated by
TEM imagining. The TEM micrographs of P-G-5NP (Fig. 3) showed that
spherical Si–Mg–FA nanoparticles were well dispersed uniformly along
the fibers with an average diameter of 50 nm. Uniform nanoparticle
distribution is essential for the improvement of mechanical and biolo-
gical properties of the membranes [33]. Totally, as discussed earlier,
the mechanical properties of a particle reinforced membrane are de-
pendent on various factors such as reinforcement volume fraction,
shape of particles, spatial distribution of particles, pores and bead de-
fects within the matrix of the membrane. For instance, beaded fibers
relatively show lower mechanical strength in comparison to smooth
surface fibers [34]. On the other hand, various important factors such as
surface topography and energy as well as porosity influenced the cell
adhesion and proliferation. It was reported that higher surface area led
to the improvement of cell attachment and proliferation [35,36]. It is
apparent from Fig. 2 that the pore shape is generally elongated and
connected to other pores. These pores within the membranes, with
different orientations resulting from random orientation and inter-
connection of the fibers, could provide special topography for cell at-
tachment and proliferation.

FTIR spectroscopy was also applied to identify the presence of dif-
ferent functional groups in the samples. Fig. 4 shows the FTIR spectra of

Si-Mg-FA nano-powder, P-G, P-G-5NP and P-G-10NP membranes. The
FTIR spectrum of P-G membrane consisted of two characteristic ab-
sorption peaks at about 1562 cm−1 and 1650 cm−1 attributed to amide
I band and II band of the gelatin, respectively. The former was related
to the stretching vibrations of CeO bond of peptide linkages in the
protein and the latter arose from coupling of the NeH bond in plane
bending and stretching of the CeN bonds. In addition, the absorption
peaks located at 1728 cm−1 and 2937 cm−1 corresponded to the
stretching of ester functional groups and methyl group of PCLF/gelatin,
respectively. It is worth mentioning that for pure gelatin, a broad band
between 3400 cm−1 and 3440 cm−1, assigned to an available NeH
stretching vibration, was shifted to lower frequencies when the NeH
group of a peptide bond was involved in a hydrogen bond. Further-
more, in the polyester/gelatin structure in comparison to gelatin
structure, a less wave number and less amplitude were found, revealing
involved NeH functional group of shorter peptide fragments in hy-
drogen bonding regarding the polyester/gelatin structure. Formation of
new covalent intermolecular cross-links may also be observed during
electrospinning of gelatin [37,38]. In other words, FTIR spectrum of
Si–Mg–FA nanopowder represented the characteristic structural bands
of fluorapatite (FA). The bands at 576 cm−1 and at 1043 cm−1 were
assigned to the bending modes and the asymmetrical stretching peaks
of PO4

−3, respectively. Moreover, carbonate peaks at 740 cm−1 for the
bending modes, at 884 cm−1 for vibration band and a doublet at
1433 cm−1 and 1468 cm−1 for the asymmetrical stretching revealed
that some carbonates groups were substituted into PO4

−3 sites of
apatite lattice [39,40]. Moreover, a clear band at 1650 cm−1 and a
broad band between 3000 cm−1 and 3600 cm−1 were related to the
water adsorbed in apatite lattice in the sample and/or absorbed in the
KBr pellet [41]. Previous investigations revealed that the FTIR spectrum
of the HA (hydroxyapatite) displayed clear bands at 631 cm−1 and
3573 cm−1 attributed to the structural hydroxyl groups which were due
to the OH−1 immersed in an infinite chain of OH−1 [42,43]. Here, as
the fluoride ion was incorporated into the apatite lattice, this chain was
disturbed by F−1 in FA structure, leading to the disappearance of these
two bands in the spectrum [44]. In addition, FTIR spectra of nano-
composite membranes consisted of all main characteristic peaks of
polymers although the peak intensities were changed as a result of the
dispersion of Si-Mg-FA nano-particles in the PCLF/gelatin polymer
matrix. Furthermore, the intensity of Si-Mg-FA absorbance bands en-
hanced with increasing weight ratio of nanoparticles in polymer matrix.
It is worth mentioning that as already mentioned, there are peaks
corresponding to carbonate ions substituted in apatite lattice in all
samples. Due to the absorption of carbon dioxide from the atmosphere
[39,45] and calcination in air or presence of some solvent precursors
[41], this carbon content resulted in more similarity between synthetic

Fig. 3. TEM images of P-G-5NP membrane showing the distribution of Si-Mg-FA nano-powders into PCLF/Gelatin matrix.

Fig. 4. FTIR spectra of Si-Mg-FA nano-powders as well as P-G, P-G-5NP and P-
G-10NP membranes.
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apatite and the biological apatite [18].
In order to confirm the presence of nanoparticles in the polymer

matrix, XRD patterns of nanocomposites as well as pure polymers and
nanopowder were investigated (Fig. 5). The XRD pattern of gelatin
(Fig. 5a) consisting of two broad peaks centered at 2θ=25° and
2θ=40° without any crystalline peaks, confirmed the disorderly and
amorphous structure of this polymer. This result was in agreement with
previous researches [46,47] although there are some investigations
indicating that gelatin could be crystallized to some extent under spe-
cial conditions. For instance, Ki et al. [48] investigated the effect of
formic acid on the crystal structure and crystallinity of gelatin film and
electrospun nanofiber. They found that although gelatin powder gives a
typical XRD pattern of gelatin crystalline structure originating from a-
helix and triplehelical structure, amorphous structures were observed
for the film and electrospun nanofiber from gelatin–formic acid solu-
tion. In another work done by Pal et al. [49], the percent crystallinity of
gelatin membrane was found to be 9.84%. XRD pattern of PCLF
(Fig. 5b) also consisted of a weak background and strong peaks at
2θ=21.3° and 2θ=23.7° attributing to the amorphous and crystalline
phases in its structure, respectively. Reflections peaks at 2θ=21.3° and
23.7° related to the (110) and (200) crystallographic planes, respec-
tively, were close to orthorhombic PCL reflections [50]. Polymeric ar-
chitecture of PCLF from linear to branch depending on molecular
weight suppresses the crystallization completely. [51]. Here, the per-
centage of crystallinity of synthesized PCLF synthesized from PCL diol
2000 at this research, calculated by the ratio of the crystalline and

amorphous reflections indicated in Fig. 5b was equal to 83.5%. XRD
patterns of P-G-5NP and P-G-10NP membranes (Fig. 5c) consisted of all
characteristic peaks and amorphous background corresponding to ge-
latin, PCLF polymers and Si-Mg-FA nanoparticles. As expected, the in-
tensity of the peaks corresponding to Si-Mg-FA nanoparticles enhanced
distinctly with an increase in nano-particles content from 5wt% to
10wt% in the membranes.

3.2. Evaluation of the degree of cross-linking of polycaprolactone fumarate

To evaluate the cross-linking degree of polycaprolactone fumarate,
different percentages of irgacure were used as an optical initiator ma-
terial. The sample with 15 wt% irgacure had the best result for PCLF
crosslinking. NVP was used as an active diluent. PCLF is an unsaturated
polyester and needs an active diluent for crosslinking. About medical
polyesters, in order to change the additional unreactant monomers to
biocompatible polyvinyl pyrrolidyn, NVP is used as a diluent monomer
[52,53]. Since PCLF molecule is great and does not have much mobility,
it cannot be cross-linked to a high degree of conversion at low tem-
perature. For this purpose, after electrospinning and exposing UV light
simultaneously, the samples were also exposed to UV light at 50 °C for
5 h. The higher amount of crosslinking led to the decrease in its solu-
bility in DCM and lower weight loss. The membrane of P-G-5NP with
15wt% irgacure has the least weight loss (19.12 ± 0.97), meaning
that the 61.76% PCLF had been cross linked.

Fig. 5. XRD patterns of (a) gelatin, (b) PCLF and (c) P-G-5NP and P-G-10NP membranes.
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3.3. Evaluation of mechanical properties

Stress-strain curves of P-G, P-G-5NP and P-G-10NP samples are
shown in Fig. 6. All samples revealed similar stress-strain trends con-
sisting of an initial linear region where the samples obeyed Hook's law,
a yield point where the curves deviated from the linear relationship
followed by a plastic region up to a peak stress and finally a stress drop
where the samples fracture under tensile force. The most important
mechanical properties calculated from the curves including elastic
modulus (E), ultimate tensile strength (UTS) and strain at break (%e)
are listed in Table 1. It could be concluded that while incorporation of
5 wt% nanoparticles resulted in enhanced strain at break and UTS, in-
creasing amounts of nanoparticles upon 10wt% reduced the mechan-
ical properties. According to previous results, the mechanical properties
of the polymer matrix composites filled with nanoparticles could be
influenced by some fixed or variable parameters such as chemical
composition of matrix and filler and interaction between them, mem-
brane architecture, morphology, size and dispersion of nanoparticles
[54–56]. Among aforementioned parameters, here, distribution of
nano-particles, fiber diameter and interaction between nano-particles
and polymer chains play important roles in final mechanical properties
of nano-composites. The improved mechanical properties of the mem-
branes at lower nanoparticles content could be attributed to the energy-
dissipating mechanism introduced by deposition of nanoparticles be-
tween entangled and random fibers [56]. According to this mechanism,
orientation and alignment of nanoparticles as a result of the mobility of
nano-particles under tensile stress led to the mechanical interlocking
through making temporary cross-link among fibers. However, reduced
mechanical properties of membranes at higher nanoparticle content
might be due to the poor distribution of the nanoparticles leading to
their agglomeration along the fiber. Agglomerated nano-particles acted
as stress concentration sites behaving as defects [54]. On the other
hand, in a research conducted by Wong et al. on poly (ε-caprolactone)
[55], it was found that the modulus and strength of the fibrous mem-
branes enhanced as the fiber diameter was reduced, and this effect
becomes more predominant in the case of fibers with less than about
700 nm. Although their finding is in agreement with an increase in

elastic modulus in our research because the increase in nano-particles
percent resulted in a decrease in the mean fiber diameter, it seems to be
in contradiction to lower strength.

3.4. In vitro biodegradation evolution

Fig. 7 shows weight loss of the P-G, P-G-5NP and P-G-10NP samples
over a 4-week period. Results showed that the degradation rate of
samples depended on the nanoparticle contents. Although all samples
revealed a slow weight loss until 14 days, a dramatic decrease in weight
was estimated afterwards. There was no clear difference between de-
gradation rate of PCLF/gelatin and PCLF/gelatin with 5 wt% nano-
particles at 7, 14 and 28 days of immersion in phosphate buffer saline
while 10 wt% nanoparticles significantly increased biodegradation of
PCLF/gelatin. Among various samples, P-G-10NP membrane revealed
the fastest degradation compared to others so that it did not maintain
its structural integrity and was quite impossible to weigh after 28 days
of immersion. The SEM micrographs of P-G, P-G-5NP and P-G-10NP,
after immersion in PBS solution for one week, are presented in Fig. 8.
Results showed that the morphology of all membranes was changed due
to the swelling of the fibers. In addition, swelling of the fibers occurs
more intensely for P-G-10NP, leading to the rupture of some fibers.
Previous investigations revealed that the degradation of PCLF and ge-
latin was due to the uptake of water followed by the hydrolysis of ester
bonds and carboxyl-amino groups, respectively [57–59]. Moreover,
faster degradation rate of P-G-10NP compared to other samples might
be related to the improvement of hydrophilicity of the membranes with
increasing nano-particles. Results showed that water contact angles of
P-G, P-G-5NP and P-G-10NP samples were 32.2°, 26.1° and 24.0°, re-
spectively, indicating lower contact angles with increasing nano-
particles. Furthermore, as already mentioned, the increase in nano-
particles concentration resulted in a decrease in mean fiber diameter
and an increase in porosity. Thinner fiber diameter and higher porosity
percentage which result in larger surface area and more nano-particles
exposed to PBS solution accelerate the degradation and the weight loss
of the samples.

3.5. In vitro cell behavior

The MTT assay was employed to determine the proliferation of cells
cultured on the P-G, P-G-5NP, P-G-10NP and control for 72 h.
According to Fig. 9, no samples revealed any in vitro toxicity to the
cells. According to the statistical analysis carried out by analysis of
variance and p < 0.05, there was no significant difference in cell

Fig. 6. Tensile stress-strain curves of P-G, P-G-5NP and P-G-10NP membranes.

Table 1
Mechanical properties of P-G, P-G-5NP and P-G-10NP samples.

Sample Modulus (MPa) Strain at break (%) Ultimate tensile stress (MPa)

P-G 2.7 ± 0.2 24.0 ± 1.4 0.8 ± 0.1
P-G-5NP 2.0 ± 0.1 42.0 ± 3.0 1.3 ± 0.1
P-G-10NP 2.5 ± 0.5 26.5 ± 1.5 0.8 ± 0.1

Fig. 7. The weight loss of the P-G, P-G-5NP and P-G-10NP membranes as a
function of immersion time in PBS.
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proliferation between samples and control.
SEM micrographs of L929 fibroblast cells cultured on P-G and P-G-

5NP membranes are presented in Fig. 10. Well cell attachment was
evident for all samples; it seems that there were more cells on P-G-5NP
than P-G membrane. The cells on the P-G-5NP were well spread and
displayed flattened sheet morphologies. Attachment and proliferation
of cells on the surface and inside the material for samples might be

related to the porous structure of the membranes. Porous architecture
with a wide variety of pore shapes and sizes provides a more desirable
environment for cell attachment and proliferation [60]. In addition, the
membranes consist of gelatin as the main component. Previous studies
have shown that gelatin containing many integrin binding sites (such as
the Arg-Gly-Asp (RGD) sequence which is the cell attachment site)
improves cell attachment and cell proliferation [37,61]. Distributed
nano-particles in P-G-5NP sample led to higher wettability to P-G
sample. As mentioned before, contact angle decreased with an increase
in nanoparticles indicating higher wettability. It has been shown that
more surface roughness and higher wettability promote cell adhesion,
spreading and proliferation [62]. Moreover, the presence of nano-
particles in P-G-5NP membrane led to Si and fluoride ions release in the
cell culture medium. Previous reports have shown that these ions en-
hance cell attachment and subsequent cell activities [45,63]. As already
mentioned, P-G-5NP nanocomposite was stronger than P-G membrane
as indicated by higher ultimate tensile stress. This not only is an ad-
vantage from mechanical properties point of view, but also encourages
cells to attach and proliferate on the surface of samples. Previous in-
vestigations on other materials show that a certain level of substrate
stiffness is needed for the adherence and proliferation of cells [64,65].
For instance, adhering cells on polyacrylamide gels with excessive soft
surface cannot spread, and therefore go through apoptosis [64].

4. Conclusions

Biodegradable polycaprolactone fumarate (PCLF)/gelatin-based
nanocomposites incorporated with the 0, 5 and 10wt% silicon and
magnesium co-doped fluorapatite nano-powder (Si-Mg-FA) were suc-
cessfully synthesized via electrospinning process. The highlighted re-
sults are listed below:

Fig. 8. SEM images of (a) P-G (b) P-G-5NP and (c) P-G-10NP after 7 days of immersion in PBS.

Fig. 9. MTT assay on the L929 fibroblast cell cultured on P-G, P-G-5NP, P-G-
10NP and control, after 72 h culture.

T. Ahmadi, et al. Materials Science & Engineering C 106 (2020) 110172

8



1- Incorporation of Si-Mg-FA nanoparticles resulted in reduced fiber
diameter of the membranes.

2- Incorporation of 5 wt% Si-Mg-FA nanoparticles significantly im-
proved mechanical properties of the PCLF/gelatin membrane.

3- There was no clear difference between degradation rate of PCLF/
gelatin and PCLF/gelatin with 5 wt% nanoparticles at 7, 14 and
28 days of immersion in phosphate buffer saline while 10 wt% na-
noparticles significantly increased biodegradation of PCLF/gelatin

4- Based on the MTT assays, the samples have no in vitro toxicity to the
cells. Furthermore, although a good cell attachment occurs for all
samples, the cells on the P-G-5NP nano-composite are well spread
and display flattened sheet morphologies.

The results of the present investigation have demonstrated that P-G-
5NP nano-composite is a potential candidate for fabricating GTR/GBR
membranes due to its proper microstructure and mechanical features as
well as its appropriate biodegradation and biocompatibility behaviors.
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