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Abstract: Peri-implantitis is a serious condition affecting dental implants that can lead to implant fail-
ure and loss of osteointegration if is not diagnosed and treated promptly. Therefore, the development
of new materials and approaches to treat this condition is of great interest. In this study, we aimed
to develop an electrospun scaffold composed of polycaprolactone (PCL) microfibers loaded with
cholecalciferol (Col), which has been shown to promote bone tissue regeneration. The physical and
chemical properties of the scaffold were characterized, and its ability to support the attachment and
proliferation of MG-63 osteoblast-like cells was evaluated. Our results showed that the electrospun
PCL-Col scaffold had a highly porous structure and good mechanical properties. The resulting
scaffolds had an average fiber diameter of 2–9 µm and high elongation at break (near six-fold un-
der dry conditions) and elasticity (Young modulus between 0.9 and 9 MPa under dry conditions).
Furthermore, the Col-loaded scaffold was found to decrease cell proliferation when the Col content
in the scaffolds increased. However, cytotoxicity analysis proved that the PCL scaffold on its own
releases more lactate dehydrogenase into the medium than the scaffold containing Col at lower
concentrations (PCL-Col A, PCL-Col B, and PCL-Col C). Additionally, the Col-loaded scaffold was
shown to effectively promote the expression of alkaline phosphatase and additionally increase the
calcium fixation in MG-63 cells. Our findings suggest that the electrospun membrane loaded with
Col can potentially treat peri-implantitis by promoting bone formation. However, further studies are
needed to assess the efficacy and safety of this membrane in vivo.

Keywords: cholecalciferol; polycaprolactone; electrospinning; bone regeneration

1. Introduction

Peri-implantitis (PI) is a mainly infectious pathology characterized by inflammation
of the peri-implant, which supports connective tissues and the progressive loss of the
supporting bone of the osseointegrated implants. It is not an uncommon occurrence, and if
it is not diagnosed and treated in time, it can cause the loss of the implant [1,2]. More than
12 million dental implants are installed annually and, according to PI prevalence estimates,
around 1 million of these cases will develop PI, which involves the loss of the implant and
the bone tissue to which it is osseointegrated [3].
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In dentistry, bone grafts or substitutes are mainly used with resorbable and non-
resorbable membranes as guided bone regeneration (GBR) mechanisms [4]. Most of the
biomaterials proposed in this field focus on developing bone graft-type biomaterials with
osteoinductive cells [5].

In the field of bone regeneration, the ideal material for the regenerative treatment
of PI must have the following characteristics: (1) possess sufficient mechanical strength
to withstand the load to which it will be subjected initially and during the regeneration
process; (2) possess adequate permeability and porosity to allow bone regeneration around
the implant and in turn avoid infiltration of inflammatory cells in the bone defect that is
regenerating; (3) avoid the formation of a bacterial biofilm on the implant surface; and
(4) be resorbable and synchronized with the generation of new bone around the implant [6].

Electrospinning is a commonly employed method for fabricating scaffolds. It involves
an electrodynamic process, where a solution containing polymers is spun by subjecting it to
a high-voltage electric field, resulting in the formation of fibers with varying diameters [7].
The size of the fibers can be modified by manipulating different factors, such as solution
characteristics like viscosity, conductivity, surface tension, molecular weight, concentration,
and polymer structure. Additionally, process variables, such as electric potential, flow rate,
distance between the needle and collector, and the shape and composition of the collector,
can also have an impact on the diameter of the fibers. Moreover, environmental parameters
such as temperature and humidity should also be considered in the fiber production
process. By carefully controlling these parameters, a wide range of fiber diameters can
be achieved [8]. This technique allows one to customize and fine-tune the structural and
mechanical properties according to the specific requirements of various applications [9].

Ideally, when it comes to tissue engineering, the biomaterials used should be able to
mimic the structural and biochemical functions of the extracellular matrix (ECM). Conse-
quently, scaffolds utilized in tissue engineering are often constructed using biodegradable
polymeric materials [10]. In this context, polycaprolactone (PCL) emerges as a hydrophobic
semi-crystalline polyester that possesses remarkable mechanical strength, high elasticity,
biodegradability, non-toxicity, and excellent biocompatibility. Furthermore, PCL has the
ability to closely resemble the extracellular matrix (ECM), making it an ideal choice for
tissue engineering applications [11]. Specifically, PCL is one of the most extensively studied
polymers for its potential applications in various biomedical fields. It has shown promise
in areas such as cardiovascular grafts, drug delivery systems, dental splints, bone scaffolds,
and wound dressing membranes. PCL’s versatility and favorable properties make it a
highly sought-after material for biomedical applications [12].

Collagen membranes are the current gold standard in treating PI since they prevent
the infiltration of the gingival tissue into the bone defect; however, none of these mem-
branes can stimulate the formation of new bone. Recent studies have shown advances in
the technological development of scaffolds conjugated with biomolecules, constituting a
potential engineering strategy in tissue regeneration [4].

Cholecalciferol (Col), or D3 as it is commonly called, is a lipophilic molecule with low
solubility in water (Figure 1). The primary function of vitamin D is to maintain calcium
and phosphorus homeostasis in the body, which is relevant for bone mineralization and
thus prevents skeletal diseases like rickets. Col is usually transported to the liver, where it
is hydroxylated at C25 and then transported to the kidney, where it is hydroxylated at C1
and converted to 1,25 (OH) 2D3, which is the active form of vitamin D. However, evidence
has shown that there may be extra renal synthesis of 1,25 (OH) 2D3, where tissues such as
skin, liver, and a variety of hematopoietic cells, bone cells, and tissues are included [13].
However, little is known about the effect of Col on bone regeneration in the dental field
and its encapsulation into membranes for tissue engineering.
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Figure 1. Cholecalciferol (Col) chemical structure.

In this context, this study aimed to develop an electrospun scaffold composed of
polycaprolactone microfibers (PCL) loaded with Col for its potential use in the treatment of
peri-implantitis. To achieve this, various electrospinning conditions were experimented
with, including adjusting the polymer and Col concentrations, the voltage applied, and
flow rate. These parameters were systematically varied and tested to optimize the electro-
spinning process and achieve the desired characteristics for the PCL membranes loaded
with Col. After the scaffold fabrication process was completed, a comprehensive chemical
characterization was carried out. Subsequently, the proliferation and cytotoxicity of MG-63
cells were evaluated, along with the assessment of calcium fixation within the membranes.
This was achieved by loading the PCL membranes with various concentrations of Col.

2. Materials and Methods
2.1. Materials

Polycaprolactone (PCL) (80 kDa) and Alizarin Red S were purchased from Sigma
Aldrich Co. (St. Louis, MO, USA). The alkaline phosphatase assay kit (BCIP-NBT), cholecal-
ciferol (Col), dexamethasone, potassium phosphate monobasic, ascorbic acid, chloroform,
and formaldehyde were purchased from Merck (Darmstadt, Germany). Dubelcco’s phos-
phate saline buffer (DPBS), α-MEM medium, fetal bovine serum (FBS), penicillin and
streptomycin, and Trypsin-EDTA were obtained from HyClone (Logan, UT, USA). The Ala-
mar blue assay and CyQUANT LDH cytotoxicity assay kit were purchased from Invitrogen,
ThermoFisher (Waltham, MA, USA).

2.2. Electrospinning Parameters

The impact of voltage, flow rate, and polymer concentration on the diameter and
morphology of the fibers was assessed at three distinct levels. Initially, PCL solutions with
concentrations of 8–18% (by weight) were prepared using chloroform as the solvent. For
each polymer solution, three different distances between the needle and the collector (10 cm,
15 cm, and 20 cm) and three voltage settings (15 kV, 20 kV, and 25 kV) were examined.

The prepared solutions were loaded into 10 mL plastic syringes, connected to #8
needles with an inner diameter of 0.4 mm. A syringe pump was utilized to control the flow
rate and deliver the polymer solutions through the needle tip. The electrospinning process
was carried out at room temperature, employing a rotating drum collector set at 100 rpm.
The distance between the needle tip and the collector was fixed at 15 cm. All the generated
fibers were collected on aluminum foil that covered the grounded drum collector.

Once the electrospinning working conditions were established, Col was incorporated
into the PCL/chloroform working solution. Different concentrations of Col loaded in
the fibers were evaluated. The fiber diameter and morphology index were determined
by analyzing micrographs obtained using a scanning electron microscope (SEM, Hitachi
SU2500 model). The images captured were analyzed with the ImageJ software version
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1.51k, allowing for precise measurements of their diameter, as well as the evaluation of
their overall morphology.

2.3. Physicochemical Characterization

Physicochemical characterization was carried out in accordance with the protocols
conducted in previous studies developed by our research group [14–16].

2.3.1. Mechanical Properties

The tensile modulus (E), elongation at break (ε), and tensile strength (σ) of the electro-
spun scaffolds were determined by evaluating scaffolds that were cut into pieces measuring
4.0 × 1.0 cm2. The measurements were performed using a CT3-10KG00000084 digital
texture analyzer from Brookfield, UK. The analysis was conducted with a crosshead speed
of 0.1 mm/s and a gap of 8.0 mm, allowing for the assessment of mechanical properties
such as the stiffness (tensile modulus), stretchability (elongation at break), and strength
(tensile strength) of the electrospun scaffolds. All the tensile tests were conducted at
room temperature.

2.3.2. TGA-DSC

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
performed on the scaffolds weighing approximately 20 mg. The analysis was conducted
using a DSC model STA 6000 from Perkin Elmer Inc. (Waltham, MA, USA). The measure-
ments were carried out under a nitrogen atmosphere with a flow rate of 40 mL/min. The
samples were heated from 25 to 600 ◦C at a constant heating rate of 15 ◦C/min. The TGA
allowed for the determination of the thermal stability and decomposition behavior of the
scaffolds, while the DSC provided insights into their thermal properties, e.g., melting point.

2.3.3. FTIR

The chemical structure of the scaffolds loaded with Col was analyzed using Fourier-
transform infrared (FTIR) spectrometry. The FTIR measurements were performed using
a Cary 630 FTIR Spectrometer from Agilent Technologies Inc. (Danbury, CT, USA). The
software Resolution Pro version 2.20.06 was employed for data analysis. A scanning range
of 4000–600 cm−1 was used to obtain the FTIR spectra.

2.3.4. Water Contact Angle

The water contact angle measurement was conducted using custom-made equipment
specifically designed for this purpose. The equipment consisted of a setup where the
samples, cut into 2 cm × 2 cm dimensions, were placed on a level test surface. A camera
was employed to capture high-resolution images of the samples. A droplet of purified
water was carefully placed on the surface of each sample, and the resulting contact angle
was measured using ImageJ software version 1.51k to analyze the images and determine
the angle accurately.

2.4. Biocompatibility Assays
2.4.1. Proliferation Analysis

MG-63 osteoblast-like cell lines were cultured in DMEM and α-MEM expansion
medium, respectively. Both media used in the experiment were supplemented with
10% (v/v) fetal bovine serum (HyClone, USA) and 1% (v/v) penicillin and streptomycin
(HyClone, USA). The cells were maintained at a temperature of 37 ◦C in a humidified
atmosphere with 95% humidity and 5% CO2. When the flasks reached approximately
80–90% confluency, indicating that the cells had grown and covered most of the culture sur-
face, they were sub-cultured. To detach the cells from the tissue culture surface, they were
exposed to 0.25% (w/v) trypsin-EDTA (Corning, Singapore) solution for three minutes.

Cell proliferation in the presence of PCL scaffolds loaded with various concentrations
of Col was evaluated using the Alamar blue assay, following the manufactures recommen-
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dations. Briefly, the scaffolds were prepared by cutting them into 0.6 cm diameter pieces
and then sterilized with UV radiation on both sides for 30 min. Subsequently, the sterilized
scaffolds were placed into 96-well microplates. Each well was seeded with 20,000 cells
in 200 µL of culture media and incubated at 37 ◦C. The experiments were conducted in
triplicate for each treatment and control group. Cell viability was assessed after 1, 3, and
7 days of incubation. The media were removed, and the cells were washed with 200 µL of
DPBS/Modified solution for 5 min to remove phenol red from the culture media. Follow-
ing the wash, 150 µL of Alamar blueTM solution (diluted 1:10 in phenol red-free DMEM)
was added to each well and incubated for 1.5 h. Subsequently, 100 µL of the solution
was transferred to a black 96-well plate, and fluorescence was measured using a BIOTEK,
Synergy H1 Hybrid reader (Agilent technologies, College Park, MD, USA) at an excitation
wavelength of λex 546 nm and an emission wavelength of λem 590 nm.

2.4.2. Cytotoxicity Analysis

The lactate dehydrogenase CyQUANT LDH cytotoxicity assay kit (Invitrogen, Carls-
bad, CA, USA) was used according to the manufacturer’s instructions. Briefly, the lactate
dehydrogenase (LDH) released into the medium was quantified. The culture medium was
set aside to measure extracellular LDH activity. To estimate the intracellular LDH activity,
the cells were lysed using the assay buffer provided in the kit. The assay buffer facilitated
the release of intracellular LDH, allowing for its activity to be measured. The SPECTROStar
Nano Microplate Reader (BMG LABTECH, Ortenberg, Germany) was used to detect the
OD values at 490 and 680 nm.

% Cytotoxicity was calculated using the following formula:

% Cytotoxicity =
(Compound treated LDH activity−DMEM media LDH activity)

(Lysed cells LDH activity−DMEM media LDH activity)
(1)

At least 3 replicates were conducted in each experiment.

2.4.3. Hemocompatibility Evaluation

The use of fresh human whole blood from anonymous healthy donors was approved
by the ethics committee at the Universidad de La Frontera (File N◦099_20). The method was
conducted according to the process reported by Sanhueza et al. [17]. The blood was diluted
with a 0.9% (w/v) NaCl solution at a ratio of 1:30. Scaffold pieces weighing approximately
5 mg each were placed individually in Eppendorf tubes containing 1 mL of the diluted
blood solution. Simultaneously, negative control samples were prepared using 100 µL
of saline solution, while positive control samples were prepared using 100 µL of Triton
X-100 at a concentration of 4% (v/v). The experiments were conducted in triplicate. The
Eppendorf tubes were placed on an orbital shaker set at 100 rpm and maintained at a
temperature of 37 ◦C. After 60 min of incubation, 1 mL of the suspension was removed
from each tube and centrifuged at 10,000× g for 10 min. The absorbance of the supernatant
(100 µL) was measured at 540 nm using a plate reader. The percentages of hemolysis were
calculated using the following formula:

% hemolysis =
Abs− Abs0

Abs100 − Abs0
(2)

In the above-listed equation, Abs100 represents the absorbance of the positive control,
and Abs0 represents the absorbance of the negative control. These values are used in the
calculation to determine the percentages of hemolysis.

2.4.4. Bone Matrix Evaluation

To assess the in vitro osteogenic activity of the MG-63 cell line, alkaline phosphatase
(ALP) activity, extracellular matrix deposition, and the mineralization of the extracellular
matrix were measured. The cells were seeded on the samples and cultured in α-MEM ex-
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pansion medium for 14 days, during which they were exposed to osteogenic medium. The
osteogenic medium (OM) is designed to promote osteogenic differentiation and enhance
the expression of osteogenic markers in the cultured cells. The ALP activity serves as an
indicator of early osteogenic differentiation, while measuring extracellular matrix depo-
sition and mineralization provides insights into the progression of osteogenesis and the
formation of mineralized bone-like tissue by the MG-63 cells. The medium was removed
every 2–3 days and changed for fresh medium. The OM consisted of dexamethasone
100 nM, potassium phosphate monobasic 30 mM, and ascorbic acid 50 µg/mL.

The alkaline phosphatase activity was measured using an alkaline phosphatase assay
kit (BCIP-NBT) in accordance with the process reported by Pereira et al. [18] (with some
modifications). The assay used in this study is based on a chromogenic reaction that is initi-
ated by the cleavage of the phosphate group of BCIP (5-bromo-4-chloro-3′-indolyphosphate
p-toluidine) dihydrogen phosphate by the alkaline phosphatase enzyme present in the cells.
This enzymatic reaction generates a proton, which then reduces nitro-blue tetrazolium
chloride (NBT). As a result, an intense and insoluble black-purple precipitate is formed.
The formation of this precipitate serves as a visual indicator of alkaline phosphatase activity
in the cells, providing a quantitative measure of the osteogenic activity of the MG-63 cell
line. After 7 and 14 days of incubation, wells were carefully washed twice with PBS. Then,
500 µL of the BCIP-NBT solution was added to each well, and the plate was incubated for
2 h at 37 ◦C. The black-purple precipitate was then solubilized in 500 µL of isopropanol per
well. Subsequently, 100 µL of the solution from each well was transferred in duplicate to a
flat-bottomed 96-well plate. The optical density of the solution was measured at 595 nm
using a plate microreader.

The Alizarin Red S assay (ARS, Sigma-Aldrich) was employed to assess the calcium
deposition achieved by the MG-63 cells on culture day 7 on OM. The methodology described
by Gregory et al. [19] was followed with some modifications. First, the samples were fixed
using a 37% formaldehyde solution in PBS pH 7.4. Subsequently, they were immersed
in a 40 mM solution of Alizarin Red S for 30 min. After the staining step, the samples
underwent a series of washes using PBS buffer. Each wash cycle consisted of a 5 min period
of orbital shaking at a speed of 50 rpm.

In both assays, control samples were included to account for any potential interactions
between the samples and the reagents used, as well as the culture medium itself. These
control samples were subjected to the same incubation conditions as the experimental
samples but did not contain any cells. In the alkaline phosphatase assay, the reported
absorbance values correspond to the absorbance of the sample minus the absorbance of
its respective cell-free control sample. This control subtraction allows for the specific
measurement of the alkaline phosphatase activity that is responsible for the presence of
cells in the sample.

2.5. Statistical Analysis

All experimental data were obtained from triplicate samples and presented as
mean ± standard deviation (SD). Statistical analysis was performed using analysis of
variance (ANOVA) to assess significant differences. When a p-value was found to be less
than 0.05, indicating statistical significance, Tukey’s test was conducted. The statistical
analyses were carried out using GraphPad Prism 9 software (San Diego, CA, USA).

3. Results and Discussion
3.1. Fibers Characterization

The objective of this study was to generate micrometric-sized fibers to fabricate scaf-
folds with a pore size that facilitates cell infiltration and promotes bone regeneration. To
produce micrometric-sized fibers, various electrospinning conditions were investigated.
The impact of polymer concentrations, voltage, and the distance between the needle and
the collector was examined while maintaining a constant flow rate. Different concentrations
of polycaprolactone (PCL) dissolved in chloroform were tested. These specific findings are
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presented as Supplementary Data (Table S1). Some authors have reported using chloroform
in electrospun PCL solutions at different concentrations, and Van der Schueren et al. [20]
reported uniform PCL fibers in the order of micro-size solving PCL in chloroform. Based
on the screening of electrospinning parameters, the selected conditions for this study were
as follows: a PCL concentration of 14 %wt, a flow rate of 2 mL/h, and a voltage of 25 kV.

PCL membranes show a distribution of fibers from 2.70 to 4.52 µm, with a median
of 3.79 µm. Upon the addition of Col into the membranes, significant differences were
observed in the median, and an increase in the fiber diameter distribution was obtained
(Figures 2 and 3). Thus, when Col is incorporated into the membranes, the mean fiber
diameters were as follows: PCL-Col A was 4.70 ± 1.36 µm; PCL-Col B was 4.48 ± 1.72 µm;
PCL-Col C was 5.19 ± 0.94 µm; and PCL-Col D was 3.21 ± 1.21 µm. These measurements
indicate that the presence of Col led to an increase in the average fiber diameter compared
to the PCL membranes without Col. This change in fiber diameter distribution suggests that
the presence of Col affects the electrospinning process, potentially altering the morphology
of the resulting membranes.
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3.2. Mechanical Characterization

In tissue regeneration, it is crucial to have scaffolds with mechanical properties that
match the specific requirements of the target tissue. For bone regeneration, the membranes
must possess adequate strength to withstand the forces exerted during surgical procedures,
as well as those generated by physiological activities and tissue growth. This is essential to
ensure the stability and longevity of the scaffold within the body, allowing for successful
bone regeneration. Additionally, a strong and stable scaffold can enhance the integration
between the implanted scaffold and the surrounding native tissue, promoting proper bone
regeneration and functional recovery [21].

Therefore, the PCL scaffolds loaded with different concentrations of Col were evalu-
ated mechanically by using a tension test. In addition, the maximum elongation at break
(%), the stress at break (MPa), and the Young’s modulus (MPa) were determined in dry
scaffolds and in scaffolds that were soaked overnight in PBS buffer at pH 7.4 at room
temperature, since scaffolds may transition from a dry (manufacture and storage) to a wet
environment (application) [22].

Table 1 presents the obtained values of the PCL scaffolds, and the results of the
mechanical properties analysis align with the observed changes in scaffold morphology, as
visualized via electron microscopy. In terms of elongation at break, scaffolds for bone tissue
regeneration typically exhibit a limited ability to undergo deformation before fracturing,
with values close to 1% to 30% [23,24]. However, our study revealed that our scaffolds
demonstrated an elongation at break ranging from 500% to 1000%, which is significantly
higher than the typical range. This indicates that our scaffolds possess excellent flexibility
and deformability, allowing for greater elongation before reaching their breaking point.

Interestingly, as the content of Col increased in the scaffolds, a general decrease in
elongation at break was observed, except for the PCL-Col C scaffold. The other scaffolds ex-
hibited a reduction in elongation at break, with values ranging from 665.26% to 589.38% for
the PCL and PCL-Col D scaffolds, respectively. This suggests that the incorporation of
Col into the scaffolds may slightly compromise their flexibility and limit their ability to
undergo deformation.

Regarding tensile strength, scaffolds for bone tissue regeneration typically display
values ranging from 1 MPa to 10 MPa [25]. However, for scaffolds intended for load-
bearing applications, higher tensile strengths of up to 10 MPa or even exceeding 50 MPa
may be observed. In our study, the tensile strength of our scaffolds was determined to
be between 1.11 and 3.1 MPa under dry conditions and 12.61 and 25.21 MPa under wet
conditions, indicating that they possess sufficient strength to withstand the mechanical
demands required for bone regeneration.
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Table 1. Mechanical characterization of dry and wet PCL scaffolds loaded with different Col concentrations.

Elongation at Break (%) Tensile Strength (Mpa) Young’s Modulus

PCL
Dry 665.26 ± 49.10 3.10 ± 0.13 8.92 ± 0.30
Wet 524.03 ± 134.26 25.21 ± 3.50 35.81 ± 18.26

PCL-Col A
Dry 616.70 ± 139.15 1.35 ± 0.36 0.97 ± 0.13
Wet 364.62 ± 67.58 12.69 ± 0.83 12.24 ± 0.83

PCL-Col B
Dry 514.35 ± 124.76 1.11 ± 0.10 1.12 ± 0.07
Wet 420.72 ± 29.78 12.79 ± 0.73 13.35 ± 0.97

PCL-Col C
Dry 1053.30 ± 186.28 * 2.75 ± 0.13 5.04 ± 0.81
Wet 1024.36 ± 509.51 * 25.47 ± 2.61 24.99 ± 0.99

PCL-Col D
Dry 589.38 ± 56.48 1.56 ± 0.29 2.21 ± 0.93
Wet 791.93 ± 328.53 15.75 ± 0.00 14.80 ± 3.31

(* represents a p value < 0.05).

Furthermore, the Young’s modulus of scaffolds for bone tissue regeneration varies
depending on the materials employed. Generally, the elastic modulus of scaffolds for tissue
regeneration falls within a wide range of 1 MPa to 10 GPa. The specific value within this
range depends on various factors, including the composition of the scaffold, the blending of
different polymers, and the incorporation of bioactive compounds [26,27]. In our study, we
measured the elastic modulus of our scaffolds and found that it was 0.97–8.92 MPa in dry
conditions and 12.24–35.81 MPa in wet conditions, which aligns with the expected range
for the materials used. Similar results were obtained by Castro et al. [28], who developed a
PCL scaffold loaded with silica nanoparticles for bone tissue regeneration.

The tensile strength and the Young’s modulus increased significantly when the samples
were soaked in PBS. According to Duan et al. [29], the presence of water and ions in the
PCL scaffold significantly impact the material’s ability to absorb mechanical energy. As
a result, the buffer content can be viewed as an external variable that can influence the
polymeric structure’s molecular mobility.

Finally, the absence of a linear dependence of mechanical characteristics on the amount
of injected Col can be attributed to several factors. Firstly, the concentrations of Col used in
the study may have been too low to induce significant changes in the fiber structure and the
polymeric solution. Furthermore, it is important to consider that the PCL-Col C membranes
exhibited a higher fiber diameter compared to other compositions. This variation in fiber
diameter suggests that different concentrations of Col can result in varying fiber sizes,
which can, in turn, impact the mechanical properties of the membranes. Thus, the lack of
a linear relationship between the amount of Col and mechanical characteristics could be
influenced by the diverse fiber diameters observed.

3.3. Thermogravimetric Analysis

Thermal analyses using DSC were conducted to examine the thermal properties of
PCL scaffolds loaded with various concentrations of Col. The results obtained from the
DSC and TGA curves are summarized in Table 2, and the corresponding diagrams can be
seen in Figure 4. In all cases, the scaffolds exhibited a two-step degradation process.

The first endothermic peak’s maximum value was utilized to determine the melting
temperature (Tm), while the area under the curve of the Tm peak represented the melting
enthalpy (∆Hm). Incorporating Col at different concentrations in the PCL scaffolds resulted
in a reduction in the Tm of the scaffolds, decreasing from 61.40 ◦C to 34.65 ◦C. It is worth
noting that PCL is a semicrystalline polymer with a typical Tm range of 59–60 ◦C [30].
Consistent with the findings reported by Wsoo et al. [31] following their incorporation of
Col into other polymers like cellulose acetate, our study also observed a decrease in the
polymer melting temperature (Tm) when Col was incorporated into the PCL scaffolds.
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Table 2. Thermal characterization and contact angle of PCL membranes loaded with different
Col concentrations.

∆Hm
(J/g)

Tm
(◦C)

Cx
(%)

Tb
(◦C)

Contact Angle
(◦)

PCL 32.600 61.40 23.40 410.07 130.04 ± 3.32

PCL-Col A 109.705 34.65 78.78 410.05 124.22 ± 4.78

PCL-Col B 56.313 37.26 40.42 404.04 130.95 ± 6.26

PCL-Col C 87.702 37.98 62.95 422.95 132.22 ± 13.91

PCL-Col D 96.045 36.72 68.94 422.14 131.77 ± 10.13
∆Hm: melting enthalpy (J/g); Tm: melting temperature (◦C); Cx: Crystallinity degree (%); Tb: Boiling
temperature (◦C).
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Furthermore, an increase in the ∆Hm was observed upon the addition of Col to the
PCL membranes. This could be attributed to an increase in hydrogen bond formation
between the polymer and Col [32].

The crystallinity of the polymer was determined from the DSC analysis using Equation (3),
where the reference value for 100% crystalline PCL was 139.3 J/g, and ∆Hm is the melting
enthalpy value obtained from the first peak in the DSC.

Cx =
∆Hm

139.3
(3)

According to this calculation, it was found that the incorporation of Col resulted in an
increase in the crystallinity of the polymer. This finding is consistent with the observations
reported by Wsoo et al. [31], where an increase in crystallinity was attributed to the loss
of nanofiber entanglement and potential recrystallization through thermal sintering near
the melting point. Among the scaffolds, the PCL-Col A scaffold exhibited the highest
crystallinity, while the PCL-Col B scaffold had the lowest.

A higher degree of crystallinity is typically associated with an ordered arrangement,
which can enhance the material’s ability to withstand greater loads [33]. However, in this
case, the presence of different Col concentrations in the PCL scaffolds resulted in varying
fiber diameter distributions, which may affect their mechanical properties.

These observations suggest that, while increased crystallinity can confer improved
load-bearing capabilities, the specific Col concentrations used in the PCL scaffolds may
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introduce variations in fiber diameter distribution, which could potentially influence their
mechanical performance.

In terms of degradation temperature (Tb), it was observed that the samples PCL-Col C
and PCL-Col D exhibited an increase from 410 ◦C to 422 ◦C. This increase suggests that
PCL-Col D possesses greater thermal stability compared to PCL-Col C.

The higher Tb of PCL-Col D implies that the presence of Col at the specific con-
centration used in this sample enhances the thermal stability of the PCL scaffold. This
finding suggests that the incorporation of Col can have a positive influence on the thermal
properties and stability of the PCL-based scaffold.

The improved thermal stability of PCL-Col D may have practical implications in
applications where thermal resistance is important, such as in the fabrication process or
under conditions involving elevated temperatures. It indicates that PCL-Col D may be
better suited for such scenarios, offering enhanced resistance to thermal degradation.

Figure 5 shows the FT-IR spectra of the PCL scaffolds loaded with the different
concentrations of Col as well as the spectra of Col and PCL alone. All the scaffolds show a
spectrum that is characteristic of PCL. An intense characteristic band of the PCL backbone
was observed at 1720 cm−1, corresponding to a stretching ester group [34]. Bands at 2931
and 2852 cm−1 correspond to asymmetric and symmetric stretching -CH2, respectively [35].
No differences were noted in the FT-IR spectra of the scaffolds, regardless of the Col
concentration. This may be due to the low concentration of the bioactive compound in
the scaffolds.
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Furthermore, the water contact angle was measured on each membrane to assess their
hydrophobic properties. All measured values exceeded 90◦, indicating that all membranes
exhibited superhydrophobic characteristics (Figure 6). Interestingly, no significant changes
in the water contact angle were observed with varying Col concentrations, implying that
the presence of Col did not impact the superhydrophobic nature of the PCL membranes.
These findings align with previous reports by different authors who also reported similar
contact angle values for PCL membranes [36–38].
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3.4. Cell Biocompatibility Evaluation
3.4.1. Cell Proliferation

The metabolic activity of MG-63 cells was measured using the Alamar Blue test after
they were cultured on PCL scaffolds loaded with different Col concentrations for 1, 3, and
7 days (Figure 7).
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Figure 7. Fluorescence readings of the metabolic activity of MG-63 cultured on PCL scaffolds loaded
with Col for 1, 3, and 7 days (* p < 0.05; **** represents a p < 0.0001).

Cell viability was measured after 3 h of incubation to assess cell adhesion on the
scaffolds. After 3 h of culture, there were no significant differences in cell adhesion, which
is consistent with the results obtained from the water contact angle.

After 24 h, MG-63 cells proliferation was higher on the PCL without Col than on
PCL-Col A, PCL-Col C, and PCL-Col D, which may suggest that the electrospun PCL
scaffold did not affect the cell viability of fibroblasts at the evaluated time points, likely due
to high surface-area-to-volume ratio of the membranes.

The initially attached cells died in PCL-Col D, and there was no cell proliferation over
time. Furthermore, no stained cells were found via confocal microscopy.
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These results contradict the findings reported by Sattary et al. [35], who observed
higher cell viability in scaffolds containing Col compared to their other tested scaffolds.
However, it is important to note that their study examined only one concentration of Col,
and they reported a synergistic effect between the scaffolding material and Col.

3.4.2. Cell Cytotoxicity

Lactate dehydrogenase is a cytosolic enzyme present in different cell types and a
reliable indicator of cytotoxicity. The presence of LDH in the extracellular medium is
generally correlated with cell membrane damage [39]. Thus, as the extracellular LDH
activity measured in the culture medium was lower than the intracellular LDH activity
measured after cell lysis, it was confirmed that the PCL scaffolds loaded with Col do not
damage the scaffold (Figure 8).
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Hemolysis evaluation can be used as an index of hemocompatibility for materials
intended for biological applications [17]. All the PCL membranes loaded with the different
Col concentrations produced hemolysis values below 2% (Figure 9). According to ISO
10993-4, materials showing hemolysis values lower than 5% can be used as blood-contacting
materials. Thus, these results indicated that, despite the PCL-Col D scaffolds producing
a significantly higher percentage of hemolysis than the PCL scaffolds without bioactive,
all the scaffolds evaluated in this study could be used as a blood-contacting material for
tissue regeneration.
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3.4.3. Bone Matrix Evaluation

Col is crucial for maintaining bone health and density, and it shows great potential
in preventing and treating osteoporosis. It also plays an essential role in bone metabolism
and is known to promote bone regeneration. Recent studies have explored the use of Col
in electrospun membranes for bone regeneration. These studies have demonstrated that
incorporating Col into the electrospun scaffolds can enhance the osteogenic differentiation
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of mesenchymal stem cells (MSCs) and increase bone formation in vivo [40,41]. In our
study, the capability of the scaffolds to stimulate bone matrix formation was evaluated by
investigating the expression of alkaline phosphatase (ALP) as an earlier indicator of matrix
mineralization. Additionally, calcium fixation was measured by staining the membranes
with Alizarin Red S (Figure 10).
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Briefly, MG-63 cells were incubated for 14 days on PCL scaffolds loaded with different
concentrations of Col. Subsequently, 1 cm2 pieces of each scaffold were incubated under the
same conditions without cells as a stain control. ALP activity was measured on days 7 and
14 to evaluate the expression of the enzyme over time. The results of this study suggests
that the presence of Col in PCL scaffolds can significantly increase alkaline phosphatase
expression in MG-63 cells after 7 days of incubation compared to cells cultured on PCL
membranes without Col, which is important for bone and other connective tissue forma-
tion [42]. Specifically, PCL-Col B produced the highest expression of alkaline phosphatase
after 7 days of culture.

The calcium-mineralized nodules on the scaffolds were stained using the Alizarin
Red S assay. The results indicate that the presence of Col in the PCL-Col A scaffold
leads to an increase in mineralization compared to the other samples tested. However, as
the concentration of Col increases, there is a decrease in mineralization, which could be
attributed to the lower viability of MG-63 cells (Figure 11).
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(C) PCL-Col B, (D) PCL-Col C, and (E) PCL-Col D scaffolds. Images (F–J) correspond to the control
without cells of each sample.
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In a recent study, Al-Bishari et al. [40] reported the production of PCL fibers incorpo-
rating curcumin and Col to enhance bone formation. They found that the incorporation of
curcumin and Col resulted in the improved proliferation and differentiation of osteoblasts,
along with increased alkaline phosphatase (ALP) activity. Similarly, Sattary et al. [43]
developed a matrix consisting of PCL, gelatin, hydroxyapatite, and cholecalciferol. Their
evaluation concluded that the addition of cholecalciferol had a more significant influence
on ALP activity compared to the addition of nanohydroxyapatite, which can be attributed
to increased calcium mineralization.

The increase in mineralization observed following the addition of Col to the PCL
scaffold is a promising finding, suggesting that Col may enhance bone tissue formation.
In line with this, Mason et al. [44] demonstrated that the use of Col resulted in increased
alkaline phosphatase activity, indicating extracellular matrix (ECM) maturation and calcium
deposition. However, the decrease in mineralization at higher concentrations of Col and the
formation of hypercalcification spots in PCL-Col D suggest that there may be a threshold
beyond which the presence of Col could negatively affect bone tissue formation. Further
investigations are necessary to determine the optimal conditions for bone tissue engineering
by examining the effect of different concentrations of Col on mineralization in vivo.

Finally, these findings may be useful in the design of bone implant materials or tissue
engineering, as they suggest that including Col in PCL scaffolds can enhance the cells’
ability to produce alkaline phosphatase in the early stages of cell culture and induce calcium
fixation into the membrane. However, further studies are needed to determine whether
Col has any long-term effects on alkaline phosphatase expression or bone and connective
tissue formation.

4. Conclusions

In conclusion, the resulting scaffolds had an average fiber diameter of 2–9 µm and high
elongation and elasticity under dry and wet conditions. The scaffolds were hemocompatible
and non-cytotoxic in the biocompatibility tests conducted on MG-63 cells. In addition,
the present study demonstrates that incorporating Col into electrospun PCL scaffolds
can enhance the expression of alkaline phosphatase in MG-63 cells and promote their
mineralization. However, it was observed that higher concentrations of Col could decrease
cell viability and produce hypercalcification spots.

These findings suggest that PCL-Col scaffolds have potential as biocompatible ma-
trixes for bone tissue engineering in different fields of bone regeneration. However, further
studies are required to investigate the efficacy of PCL-Col scaffolds in vivo, particularly in
terms of bone regeneration and bone quality. Future research could also focus on optimiz-
ing the concentration of Col in the PCL scaffolds to enhance their osteogenic properties for
use in vivo. Overall, the electrospinning technique used in this study provides a promising
method for producing PCL-Col scaffolds with tailored properties for bone tissue engineer-
ing and could have important implications for developing new therapies for bone defects
and injuries.

One promising direction for future research could be to investigate the potential of
combining Col with other polymers to optimize bone tissue regeneration. Moreover, in vivo
studies could be conducted to evaluate the efficacy of PCL scaffolds loaded with Col in
promoting bone formation and integration with the surrounding tissue. Such studies could
help determine the optimal conditions for incorporating Col into electrospun PCL scaffolds
to ensure effective bone regeneration. Overall, this study provides valuable insights into
the use of Col in electrospun PCL membranes for bone tissue engineering, highlighting the
need for further research to fully understand its potential in clinical applications.

5. Patents

These results are protected by a provisional patent application to the World Intellectual
Property Organization (WIPO); reference number 2020-63/477,297.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics15071939/s1, Table S1: Electrospinning conditions
were systematically tested to optimize fiber production for achieving a micrometric size. The fol-
lowing parameters were evaluated: The assessed parameters were PCL concentration in chloroform
(8–18 %wt), voltage (15–20 kV), and distance between the needle and the collector (10–20 cm). The
flow rate was constant at 2 mL/h.

Author Contributions: Conceptualization, C.S., F.A. and V.B.; methodology, C.S., J.H. and C.K.;
investigation, C.S., J.H., F.A., V.B., C.K., A.C. and I.V.-G.; resources, F.A. and V.B.; writing—original
draft preparation, C.S. and F.A.; writing—review and editing, C.S., F.A., V.B., I.V.-G., C.K. and A.C.;
visualization, C.S.; supervision. F.A. and V.B.; project administration, C.S., F.A. and V.B.; funding
acquisition, F.A. and V.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by FONDEF ID 20i10279 (V.F. and F.A.), DIUFRO project DIM20-
0002 (F.A. and C.S.), and postdoctoral FONDECYT project No. 3220479 (C.S.).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Universidad de La Frontera Scientific Ethics Committee (protocol
No. 099-20).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Due to an ongoing patent process, the data is currently not accessible
to the public.

Acknowledgments: The authors thank the Center for Excellence in Translational Medicine-Scientific
and Technological Bioresources Nucleus (CEMT-BIOREN) and the Scientific and Technological
Bioresource Nucleus from Universidad de La Frontera.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dreyer, H.; Grischke, J.; Tiede, C.; Eberhard, J.; Schweitzer, A.; Toikkanen, S.E.; Glöckner, S.; Krause, G.; Stiesch, M. Epidemiology

and risk factors of peri-implantitis: A systematic review. J. Periodontal Res. 2018, 53, 657–681. [CrossRef] [PubMed]
2. Schwarz, F.; Derks, J.; Monje, A.; Wang, H.L. Peri-implantitis. J. Periodontol. 2018, 89, S267–S290. [CrossRef] [PubMed]
3. Klinge, B.; Klinge, A.; Bertl, K.; Stavropoulos, A. Peri-implant diseases. Eur. J. Oral Sci. 2018, 126, 88–94. [CrossRef] [PubMed]
4. De Avila, E.D.; Oirschot, B.A.; van den Beucken, J.J.J.P. Biomaterial-based possibilities for managing peri-implantitis. J. Periodontal

Res. 2020, 55, 165–173. [CrossRef]
5. Martin, V.; Bettencourt, A. Bone regeneration: Biomaterials as local delivery systems with improved osteoinductive properties.

Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 82, 363–371. [CrossRef]
6. Jin, S.; Li, J.; Wang, J.; Jiang, J.; Zuo, Y.; Li, Y.; Yang, F. Electrospun silver ion-loaded calcium phosphate/ chitosan antibacterial

composite fibrous membranes for guided bone regeneration. Int. J. Nanomed. 2018, 13, 4591–4605. [CrossRef]
7. Bhushani, A.; Anandharamakrishnan, C. Electrospinning and electrospraying techniques: Potential food based applications.

Trends Food Sci. Technol. 2014, 38, 21–33. [CrossRef]
8. Kitsara, M.; Agbulut, O.; Kontziampasis, D.; Chen, Y.; Menasché, P. Fibers for hearts: A critical review on electrospinning for

cardiac tissue engineering. Acta Biomater. 2017, 48, 20–40. [CrossRef]
9. Hasan, A.; Memic, A.; Annabi, N.; Hossain, M.; Paul, A.; Dokmeci, M.R.; Dehghani, F.; Khademhosseini, A. Electrospun scaffolds

for tissue engineering of vascular grafts. Acta Biomater. 2014, 10, 11–25. [CrossRef]
10. Nune, S.K.; Rama, K.S.; Dirisala, V.R.; Chavali, M.Y. Chapter 11—Electrospinning of Collagen Nanofiber Scaffolds for Tissue Repair and

Regeneration; Elsevier Inc.: Amsterdam, The Netherlands, 2017; ISBN 9780323461429.
11. Kotcharat, P.; Chuysinuan, P.; Thanyacharoen, T.; Techasakul, S.; Ummartyotin, S. Development of bacterial cellulose and

polycaprolactone (PCL) based composite for medical material. Sustain. Chem. Pharm. 2021, 20, 100404. [CrossRef]
12. Ho, T.T.P.; Doan, V.K.; Tran, N.M.P.; Nguyen, L.K.K.; Le, A.N.M.; Ho, M.H.; Trinh, N.T.; Van Vo, T.; Tran, L.D.; Nguyen, T.H.

Fabrication of chitosan oligomer-coated electrospun polycaprolactone membrane for wound dressing application. Mater. Sci. Eng.
C 2021, 120, 111724. [CrossRef] [PubMed]

13. Satué, M.; Córdoba, A.; Ramis, J.M.; Monjo, M. UV-irradiated 7-dehydrocholesterol coating on polystyrene surfaces is converted
to active vitamin D by osteoblastic MC3T3-E1 cells. Photochem. Photobiol. Sci. 2013, 12, 1025–1035. [CrossRef] [PubMed]

14. Sanhueza, C.; Diaz-Rodriguez, P.; Villegas, P.; González, Á.; Seeger, M.; Suárez-González, J.; Concheiro, A.; Alvarez-Lorenzo, C.;
Acevedo, F. Influence of the carbon source on the properties of poly-(3)-hydroxybutyrate produced by Paraburkholderia
xenovorans LB400 and its electrospun fibers. Int. J. Biol. Macromol. 2020, 152, 11–20. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/pharmaceutics15071939/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15071939/s1
https://doi.org/10.1111/jre.12562
https://www.ncbi.nlm.nih.gov/pubmed/29882313
https://doi.org/10.1002/JPER.16-0350
https://www.ncbi.nlm.nih.gov/pubmed/29926957
https://doi.org/10.1111/eos.12529
https://www.ncbi.nlm.nih.gov/pubmed/30178555
https://doi.org/10.1111/jre.12707
https://doi.org/10.1016/j.msec.2017.04.038
https://doi.org/10.2147/IJN.S167793
https://doi.org/10.1016/j.tifs.2014.03.004
https://doi.org/10.1016/j.actbio.2016.11.014
https://doi.org/10.1016/j.actbio.2013.08.022
https://doi.org/10.1016/j.scp.2021.100404
https://doi.org/10.1016/j.msec.2020.111724
https://www.ncbi.nlm.nih.gov/pubmed/33545875
https://doi.org/10.1039/c3pp50025j
https://www.ncbi.nlm.nih.gov/pubmed/23538933
https://doi.org/10.1016/j.ijbiomac.2020.02.080
https://www.ncbi.nlm.nih.gov/pubmed/32057856


Pharmaceutics 2023, 15, 1939 17 of 18

15. Acevedo, F.; Hermosilla, J.; Sanhueza, C.; Mora-Lagos, B.; Fuentes, I.; Rubilar, M.; Concheiro, A.; Alvarez-Lorenzo, C. Gallic acid
loaded PEO-core/zein-shell nanofibers for chemopreventive action on gallbladder cancer cells. Eur. J. Pharm. Sci. 2018, 119, 49–61.
[CrossRef]

16. Acevedo, F.; Villegas, P.; Urtuvia, V.; Hermosilla, J.; Navia, R.; Seeger, M. Bacterial polyhydroxybutyrate for electrospun fiber
production. Int. J. Biol. Macromol. 2018, 106, 692–697. [CrossRef]

17. Sanhueza, C.; Hermosilla, J.; Bugallo-Casal, A.; Da Silva-Candal, A.; Taboada, C.; Millán, R.; Concheiro, A.; Alvarez-Lorenzo, C.;
Acevedo, F. One-step electrospun scaffold of dual-sized gelatin/poly-3-hydroxybutyrate nano/microfibers for skin regeneration
in diabetic wound. Mater. Sci. Eng. C 2021, 119, 111602. [CrossRef]

18. Pereira, I.H.L.; Ayres, E.; Averous, L.; Schlatter, G.; Hebraud, A.; de Paula, A.C.C.; Viana, P.H.L.; Goes, A.M.; Oréfice, R.L. Differ-
entiation of human adipose-derived stem cells seeded on mineralized electrospun co-axial poly(ε-caprolactone) (PCL)/gelatin
nanofibers. J. Mater. Sci. Mater. Med. 2014, 25, 1137–1148. [CrossRef]

19. Gregory, C.A.; Gunn, W.G.; Peister, A.; Prockop, D.J. An Alizarin red-based assay of mineralization by adherent cells in culture:
Comparison with cetylpyridinium chloride extraction. Anal. Biochem. 2004, 329, 77–84. [CrossRef]

20. Van Der Schueren, L.; De Schoenmaker, B.; Kalaoglu, Ö.I.; De Clerck, K. An alternative solvent system for the steady state
electrospinning of polycaprolactone. Eur. Polym. J. 2011, 47, 1256–1263. [CrossRef]

21. Xue, J.; He, M.; Liang, Y.; Crawford, A.; Coates, P.; Chen, D.; Shi, R.; Zhang, L. Fabrication and evaluation of electrospun
PCL-gelatin micro-/nanofiber membranes for anti-infective GTR implants. J. Mater. Chem. B 2014, 2, 6867–6877. [CrossRef]

22. Baker, S.; Sigley, J.; Helms, C.C.; Stitzel, J.; Berry, J.; Bonin, K.; Guthold, M. The mechanical properties of dry, electrospun
fibrinogen fibers. Mater. Sci. Eng. C 2012, 32, 215–221. [CrossRef]

23. Mochane, M.J.; Motsoeneng, T.S.; Sadiku, E.R.; Mokhena, T.C.; Sefadi, J.S. Morphology and properties of electrospun PCL and its
composites for medical applications: A mini review. Appl. Sci. 2019, 9, 2205. [CrossRef]

24. Aydogdu, M.O.; Ekren, N.; Suleymanoglu, M.; Erdem-Kuruca, S.; Lin, C.-C.; Bulbul, E.; Erdol, M.N.; Oktar, F.N.; Terzi, U.K.;
Kilic, O.; et al. Novel electrospun polycaprolactone/graphene oxide/Fe3O4 nanocomposites for biomedical applications. Colloids
Surf. B Biointerfaces 2018, 172, 718–727. [CrossRef]

25. Son, S.-R.; Linh, N.-T.B.; Yang, H.-M.; Lee, B.-T. In vitro and in vivo evaluation of electrospun PCL/PMMA fibrous scaffolds for
bone regeneration. Sci. Technol. Adv. Mater. 2013, 14, 015009. [CrossRef]

26. Pattanashetti, N.A.; Achari, D.D.; Torvi, A.I.; Doddamani, R.V.; Kariduraganavar, M.Y. Development of multilayered nanofibrous
scaffolds with PCL and PVA:NaAlg using electrospinning technique for bone tissue regeneration. Materialia 2020, 12, 100826.
[CrossRef]

27. Siddiqui, N.; Kishori, B.; Rao, S.; Anjum, M.; Hemanth, V.; Das, S.; Jabbari, E. Electropsun Polycaprolactone Fibres in Bone Tissue
Engineering: A Review. Mol. Biotechnol. 2021, 63, 363–388. [CrossRef] [PubMed]

28. Castro, A.G.B.; Diba, M.; Kersten, M.; Jansen, J.A.; van den Beucken, J.J.J.P.; Yang, F. Development of a PCL-silica nanoparticles
composite membrane for Guided Bone Regeneration. Mater. Sci. Eng. C 2018, 85, 154–161. [CrossRef] [PubMed]

29. Duan, H.; Feng, B.; Guo, X.; Wang, J.; Zhao, L.; Zhou, G.; Liu, W.; Cao, Y.; Zhang, W.J. Engineering of epidermis skin grafts using
electrospun nanofibrous gelatin/polycaprolactone membranes. Int. J. Nanomed. 2013, 8, 2077–2084. [CrossRef]

30. Tran, T.T.; Hamid, Z.A.; Cheong, K.Y. A Review of Mechanical Properties of Scaffold in Tissue Engineering: Aloe Vera Composites.
J. Phys. Conf. Ser. 2018, 1082, 012080. [CrossRef]

31. Wsoo, M.A.; Razak, S.I.A.; Bohari, S.P.M.; Shahir, S.; Salihu, R.; Kadir, M.R.A.; Nayan, N.H.M. Vitamin D3-loaded electrospun
cellulose acetate/polycaprolactone nanofibers: Characterization, in-vitro drug release and cytotoxicity studies. Int. J. Biol.
Macromol. 2021, 181, 82–98. [CrossRef]

32. Vatankhah, E. Rosmarinic acid-loaded electrospun nanofibers: In vitro release kinetic study and bioactivity assessment. Eng. Life
Sci. 2018, 18, 732–742. [CrossRef] [PubMed]

33. Bosworth, L.A.; Downes, S. Physicochemical characterisation of degrading polycaprolactone scaffolds. Polym. Degrad. Stab. 2010,
95, 2269–2276. [CrossRef]

34. Tardajos, M.G.; Cama, G.; Dash, M.; Misseeuw, L.; Gheysens, T.; Gorzelanny, C.; Coenye, T.; Dubruel, P. Chitosan functionalized
poly-ε-caprolactone electrospun fibers and 3D printed scaffolds as antibacterial materials for tissue engineering applications.
Carbohydr. Polym. 2018, 191, 127–135. [CrossRef] [PubMed]

35. Sattary, M.; Khorasani, M.T.; Rafienia, M.; Rozve, H.S. Incorporation of nanohydroxyapatite and vitamin D3 into electrospun
PCL/Gelatin scaffolds: The influence on the physical and chemical properties and cell behavior for bone tissue engineering.
Polym. Adv. Technol. 2018, 29, 451–462. [CrossRef]

36. Asghari, F.; Rabiei Faradonbeh, D.; Malekshahi, Z.V.; Nekounam, H.; Ghaemi, B.; Yousefpoor, Y.; Ghanbari, H.; Faridi-Majidi, R.
Hybrid PCL/chitosan-PEO nanofibrous scaffolds incorporated with A. euchroma extract for skin tissue engineering application.
Carbohydr. Polym. 2022, 278, 118926. [CrossRef]

37. Wang, F.; Liu, K.; Xi, Y.; Li, Z. One-step electrospinning PCL/ph-LPSQ nanofibrous membrane with excellent self-cleaning and
oil-water separation performance. Polymer 2022, 249, 124858. [CrossRef]

38. Zhang, G.; Wang, P.; Zhang, X.; Xiang, C.; Li, L. Preparation of hierarchically structured PCL superhydrophobic membrane via
alternate electrospinning/electrospraying techniques. J. Polym. Sci. Part B Polym. Phys. 2019, 57, 421–430. [CrossRef]

39. Zavan, B.; Gardin, C.; Guarino, V.; Rocca, T.; Maya, I.C.; Zanotti, F.; Ferroni, L.; Brunello, G.; Chachques, J.C.; Ambrosio, L.; et al.
Electrospun pcl-based vascular grafts: In vitro tests. Nanomaterials 2021, 11, 751. [CrossRef]

https://doi.org/10.1016/j.ejps.2018.04.009
https://doi.org/10.1016/j.ijbiomac.2017.08.066
https://doi.org/10.1016/j.msec.2020.111602
https://doi.org/10.1007/s10856-013-5133-9
https://doi.org/10.1016/j.ab.2004.02.002
https://doi.org/10.1016/j.eurpolymj.2011.02.025
https://doi.org/10.1039/C4TB00737A
https://doi.org/10.1016/j.msec.2011.10.021
https://doi.org/10.3390/app9112205
https://doi.org/10.1016/j.colsurfb.2018.09.035
https://doi.org/10.1088/1468-6996/14/1/015009
https://doi.org/10.1016/j.mtla.2020.100826
https://doi.org/10.1007/s12033-021-00311-0
https://www.ncbi.nlm.nih.gov/pubmed/33689142
https://doi.org/10.1016/j.msec.2017.12.023
https://www.ncbi.nlm.nih.gov/pubmed/29407143
https://doi.org/10.2147/IJN.S42384
https://doi.org/10.1088/1742-6596/1082/1/012080
https://doi.org/10.1016/j.ijbiomac.2021.03.108
https://doi.org/10.1002/elsc.201800046
https://www.ncbi.nlm.nih.gov/pubmed/32624867
https://doi.org/10.1016/j.polymdegradstab.2010.09.007
https://doi.org/10.1016/j.carbpol.2018.02.060
https://www.ncbi.nlm.nih.gov/pubmed/29661300
https://doi.org/10.1002/pat.4134
https://doi.org/10.1016/j.carbpol.2021.118926
https://doi.org/10.1016/j.polymer.2022.124858
https://doi.org/10.1002/polb.24795
https://doi.org/10.3390/nano11030751


Pharmaceutics 2023, 15, 1939 18 of 18

40. Al-Bishari, A.M.; Al-Shaaobi, B.A.; Al-Bishari, A.A.; Al-Baadani, M.A.; Yu, L.; Shen, J.; Cai, L.; Shen, Y.; Deng, Z.; Gao, P. Vitamin
D and curcumin-loaded PCL nanofibrous for engineering osteogenesis and immunomodulatory scaffold. Front. Bioeng. Biotechnol.
2022, 10, 975431. [CrossRef]

41. Belgheisi, G.; Nazarpak, M.H.; Hashjin, M.S. Bone tissue engineering electrospun scaffolds based on layered double hydroxides
with the ability to release vitamin D3: Fabrication, characterization and in vitro study. Appl. Clay Sci. 2020, 185, 105434. [CrossRef]

42. Chen, W.-C.; Huang, B.-Y.; Huang, S.-M.; Liu, S.-M.; Chang, K.-C.; Ko, C.-L.; Lin, C.-L. In vitro evaluation of electrospun
polyvinylidene fluoride hybrid nanoparticles as direct piezoelectric membranes for guided bone regeneration. Biomater. Adv.
2023, 144, 213228. [CrossRef] [PubMed]

43. Sattary, M.; Rafienia, M.; Kazemi, M.; Salehi, H.; Mahmoudzadeh, M. Promoting effect of nano hydroxyapatite and vitamin
D3 on the osteogenic differentiation of human adipose-derived stem cells in polycaprolactone/gelatin scaffold for bone tissue
engineering. Mater. Sci. Eng. C 2019, 97, 141–155. [CrossRef] [PubMed]

44. Mason, S.S.; Kohles, S.S.; Winn, S.R.; Zelick, R.D. Extrahepatic 25-Hydroxylation of Vitamin D 3 in an Engineered Osteoblast
Precursor Cell Line Exploring the Influence on Cellular Proliferation and Matrix Maturation during Bone Development. ISRN
Biomed. Eng. 2013, 2013, 956362. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fbioe.2022.975431
https://doi.org/10.1016/j.clay.2019.105434
https://doi.org/10.1016/j.bioadv.2022.213228
https://www.ncbi.nlm.nih.gov/pubmed/36481520
https://doi.org/10.1016/j.msec.2018.12.030
https://www.ncbi.nlm.nih.gov/pubmed/30678899
https://doi.org/10.1155/2013/956362
https://www.ncbi.nlm.nih.gov/pubmed/34909434

	Introduction 
	Materials and Methods 
	Materials 
	Electrospinning Parameters 
	Physicochemical Characterization 
	Mechanical Properties 
	TGA-DSC 
	FTIR 
	Water Contact Angle 

	Biocompatibility Assays 
	Proliferation Analysis 
	Cytotoxicity Analysis 
	Hemocompatibility Evaluation 
	Bone Matrix Evaluation 

	Statistical Analysis 

	Results and Discussion 
	Fibers Characterization 
	Mechanical Characterization 
	Thermogravimetric Analysis 
	Cell Biocompatibility Evaluation 
	Cell Proliferation 
	Cell Cytotoxicity 
	Bone Matrix Evaluation 


	Conclusions 
	Patents 
	References

