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Abstract: In the present work, the fabrication of a membrane composed of polylactic acid (PLA),
polyvinyl alcohol (PVA), and Biological Hydroxyapatite (BIO-HA) is reported using the coaxial
electrospinning technique. The membrane fabrication process involved mixing a solution of PLA
and trichloromethane (TCM) with a second solution of PVA, isopropyl alcohol (IPA), distilled water,
and BIO-HA at 110 ◦C. Subsequently, the electrospinning process was carried out using a voltage
of 25 kV for 30 min on a rotating drum collector at 1000 rpm. The membrane was characterized
through Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray spectroscopy (EDS), Fourier-
Transform Infrared spectroscopy (FTIR), Thermogravimetric Analysis (TGA), and Differential Scan-
ning Calorimetry (DSC). The morphological results revealed the presence of randomly arranged
fibers with an average diameter of 290 ± 9 nm and interfiber spacing ranging from 200 to 700 nm,
which are characteristics conducive to cell proliferation. Additionally, FTIR studies confirmed the
presence of BIO-HA and the constituent elements of the polymers in the composite membrane. The
polymeric membrane in contact with human mesenchymal stem cells was characterized as showing
significant differences in its behavior at 6, 24, and 72 h post-contact. These studies indicate that the
membrane provides physical support as a scaffold due to its suitable morphology for cell adhesion
and proliferation, attributable to the electrospinning conditions as well as the polymers contained
in BIO-HA. Membrane toxicity was confirmed through a cytotoxicity study using fluorescence mi-
croscopy, which showed that the membrane provided a favorable environment for cell proliferation.
These results suggest that exposure to BIO-HA enhances its potential application in bone and joint
tissue regeneration.

Keywords: PLA; PVA; BIO-HA; electrospinning; membrane; biocompatibility; cytocompatibility

1. Introduction

Biodegradable and bioabsorbable polymers, including polylactic acid (PLA), poly-
caprolactone (PCL), polyethylene oxide (PEO), poly(3-hydroxybutyrate) (PHB), and polyg-
lycolic acid (PGA), have attracted considerable interest in the fields of tissue engineering,
biotechnology, and regenerative medicine as potential substitutes for metallic implants.
Despite the inherent drawbacks associated with each polymer on its own, there has been an
observation that blending them with additional compounds leads to improved properties,
thereby boosting their suitability for diverse applications. Recently, these bioabsorbable
polymers have found applications in medical fields such as tissue fixation, using elements
such as screws and nails designed for bones. Additionally, they have been employed in
sustained drug release systems as well as in the development of dressings, promoting the
wound healing process. Their notable properties include pressure resistance, absorptive
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capacity, and the ability to protect against metallic corrosion. These key attributes not
only have the potential to significantly improve patients’ quality of life by offering more
efficient and personalized medical solutions but also contribute to the sustainability and
effectiveness of healthcare systems.

The studies on tissue engineering, particularly focused on membranes, have been
directed towards finding materials compatible with both soft and bone tissues [1–4]. Bone
scaffolds play a crucial role in restoring the anatomical and functional integrity of damaged
or lost bone structures due to various causes, ranging from congenital conditions to traumas,
consequences of oncological processes, and infectious conditions [5–10]. These materials
are employed to replace missing bone tissue, facilitating the recovery and improvement of
both mechanical function and the affected morphological structure [11,12].

Currently, various types of tissue engineering implants are being explored, such as
xenografts, 3D printing, and the electrospinning technique, among others, to obtain scaf-
folds to serve as regeneration guides. The electrospinning technique uses electrostatic forces
to fabricate polymeric fibers with diameters in the micro- and nanometric range [13–16].
This technique presents notable advantages by allowing the efficient fabrication of highly
porous membranes, with precise control over parameters such as deposition time, voltage,
and the type of collector used. Particularly, coaxial electrospinning, a significant variant of
this technique, is frequently used to produce fibers capable of incorporating drugs [17–20]
or proteins [21,22], which is crucial for achieving long-term release.

The study of BIO-HA-compatible materials has provided a deeper understanding
of two polymers that play an important role in tissue engineering and the fabrication of
surgical sutures. The first is polyvinyl alcohol (PVA), a biodegradable polymer known for
its hydrophilic and biocompatible properties. On the other hand, PLA is a hydrophobic
polyester widely used in these fields. Moreover, this polymer exhibits excellent thermal
properties, processability, and gas permeability, which makes it particularly attractive for
various biomedical applications [23,24].

Furthermore, PVA is hydrophilic, biocompatible, and has good processability, allowing
it to be combined with HA, which is difficult to electrospun on its own. Additionally, PVA
possesses hydrolytic properties that enhance mechanical properties when mixed with
other hydrophobic polymers. Therefore, the combination of these materials has led to the
development of polymeric membranes with reduced brittleness, increasing the strength of
the fiber for tissue engineering applications. These properties enable the characteristics of
PLA-PVA mixtures to be biocompatible, facilitating the release of BIO-HA through polymer
degradation [25]. BIO-HA, short for biological hydroxyapatite, is a biomineral naturally
found in human bones. It enhances bioactivity and biocompatibility, making it valuable in
applications such as bone regeneration and dentistry. Furthermore, BIO-HA serves as an
osteoinductive material that is biomimetic to the bone mineral [25].

In 2018, Alharbi, H. F. et al. reported on the study of coaxial electrospinning technique
to fabricate composite nanofibers with a PLA core and an outer layer of PVA [26]. SEM
results showed that the PVA/PLA nanofibers exhibit a fiber spacing structure with diame-
ters of 138 nm and 165 nm. Additionally, their studies demonstrated that the composite
nanofibers exhibited higher hydrophilicity and a significant improvement in strength and
stretching capacity compared to pure PLA. Moreover, the fabricated nanofibers showed
compatibility in experiments with the growth and adhesion of human embryonic kidney
cells (HEK-293). These results demonstrate the potential of PLA/PVA composite nanofibers
for biomedical applications and tissue regeneration.

Li, T. T. et al. reported in 2020 on the study of braided bone scaffolds using composite
fibers of PLA and PVA [27]. The resulting braided filaments, previously thermally treated,
were used as matrices for the fabrication of bone frameworks through the electrodeposition
of hydroxyapatite (HA) using titanium (Ti) electrodes. SEM, tensile-deformation, and EDS
results showed that, at a PLA/PVA ratio of 3:1, the braids exhibit maximum deformation
properties and a structural and morphological spacing with active sites for HA incorpora-
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tion by electrodeposition. In vitro results through immersion in simulated body fluid (SBF)
demonstrated that this treatment is biocompatible for applications in spongy bone repair.

Furthermore, a recent study introduced a silver-containing gel based on polyvinyl
alcohol and aryloxycyclotriphosphazene containing β-carboxyethenylphenoxy and p-
formylphenoxy groups [28]. The gel was evaluated in a rabbit model to inhibit the growth
of the main microorganisms in contact with their skin: the bacteria S. aureus, P. aeruginosa,
E. coli, B. subtilis, S. epidermidis, and C. stationis, and the fungus C. albicans. The study of the
wound-healing effect of the gel in vivo showed a decrease in the wound area of the rabbit
hind limb by 91.43% (p < 0.05) on the 10th day of observation.

In this work, the fabrication of a PLA/PVA-BIO-HA composite membrane obtained
through coaxial electrospinning is reported. This membrane shows the morphology of
fibers with random orientation and submicrometric diameters. FTIR spectroscopy studies
confirmed the presence of functional groups associated with PLA, PVA, and BIO-HA
based on the morphological, compositional, and cytotoxicity assay results, the composite
membrane exhibited excellent cell adhesion and biocompatibility. This suggests its potential
application in fields such as healthcare and tissue engineering, where it could play a crucial
role in bone tissue regeneration.

2. Materials and Methods
2.1. Preparation and Characterization of the BIO-HA

In this work, the synthesis of BIO-HA was carried out using the bovine bone calcination
technique, following the methodology detailed by Fernández-Cervantes et al. [29]. The
process involved cleaning a bovine bone by exposing it to water at 100 ◦C for 1 h, followed
by immersion in a 1:1 solution of acetone and ethanol for 30 min. This procedure was
performed to eliminate the adipose tissue from the surface of the bone tissue. Subsequently,
excess water and fibrous tissue were removed through a drying process in a furnace at
60 ◦C for 20 h. The material was then thermally treated at 900 ◦C for 6 h. Finally, a manual
grinding process was carried out using a mortar to obtain BIO-HA particles.

The morphology of BIO-HA particles was examined using a scanning electron micro-
scope (SEM, model JSM-6610LV Jeol, Akishima, Tokyo, Japan) with secondary electron
detection, an acceleration voltage of 20 kV, and a magnification of 2000×. The characteri-
zation of the crystal structure was performed using an X-ray diffractometer (D8-Discover
Bruker, Karlsruhe, Germany) in a grazing incidence mode (GIXRD), with CuKα radiation
(λ = 1.54 Å) in the range of 20 to 60◦. To identify the functional groups of BIO-HA, a
spectrophotometer (model Vertex 70, Bruker, Karlsruhe, Germany) was employed in the
mid-infrared region from 4000 to 400 cm−1 with a resolution of 4 cm−1 in attenuated total
reflection (ATR) mode.

2.2. Fabrication and Characterization of the Composite Membrane (PLA/PVA-BIO-HA)

A homogeneous PLA solution was prepared by dissolving 0.8 g of PLA filament
fragments used for 3D printing (COLOR PLUS®, Ciudad de México, México, ϕ = 1.75 mm,
industrial grade) in 10 mL of trichloromethane (TCM) at a constant temperature of 90 ◦C
for 90 min with continuous stirring. The selection of this material is due to its frequent use
in the medical field, which is attributed to its biocompatibility, renewable origin, as well as
its mechanical properties and biodegradation capacity.

Additionally, a second PVA-BIO-HA solution was prepared with 2.4 g of PVA filament
fragments used for 3D printing (COLOR PLUS®, Ciudad de México, México, ϕ = 1.75 mm,
industrial grade) in 4 mL of distilled water, 6 mL of isopropyl alcohol (IPA), and 0.8 g of BIO-
HA at a constant temperature of 110 ◦C for 90 min with constant stirring. This polymer was
chosen due to its hydrophilic nature and its ability to promote biodegradation by biological
organisms. Being considered a biodegradable mimic of natural polymers, it becomes a
harmless and non-toxic polymer. This choice aligns with the pursuit of environmentally
sustainable materials and compatibility with biomedical applications. The incorporation of
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BIO-HA into the solution imparts biomimetic properties to the membrane, enhancing its
biomedical properties and functions.

The prepared solutions were used to fabricate the PLA and PVA-BIO-HA membranes
using the electrospinning technique with coaxial injection of PLA/PVA-BIO-HA solutions
in a 1:3 ratio. A rotating drum collector at 1000 rpm of speed was used, maintaining 11 cm
between the injection head and the collector. The injection of solutions was carried out for
30 min, applying a voltage of 25 kV. The electrospun fibers were collected for 30 min on a
sheet of wax paper. The advantage of the wax paper is its flexibility, allowing the fabricated
fibers to be detached without causing damage.

The fabricated membranes were characterized, including the evaluation of their mor-
phology by SEM, the identification of functional groups and structural elements through
FTIR spectroscopy, and the thermal characterization by thermogravimetric analysis (TGA)
and Differential Scanning Calorimetry (DSC) using NETZSCH STA 449F3 Instruments
equipment. The data were obtained from 23 to 1000 ◦C with a heating rate of 25 ◦C/min in
an inert nitrogen atmosphere.

2.3. Cell Proliferation Assay

The mesenchymal cells utilized in this study were extracted from the human umbilical
cord, and the donors were provided by the Hospital General de Cholula, Mexico. The
acquisition of these cells was carried out with proper informed consent from the donors,
and the procedure was duly approved by the ethical committee of the Faculty of Medicine
at BUAP. In this study, mesenchymal cells underwent trypsin/EDTA dispersion, following
the methodology described by Arbós A. et al. [30]. These cells were cultivated in HAM-F12
medium with 10% fetal bovine serum (FBS) under an atmosphere of 5% CO2 and 95%
humidity at 37 ◦C. In experiments, 10,000 cells per well were seeded in 96-well plates, with
the PLA/PVA-BIO-HA membrane in direct contact with the cell culture.

Cell proliferation assessment was carried out using WST-1 (Sigma Aldrich, St. Louis,
MA, EE.UU.). The protocol was carried out following the manufacturer’s instructions, using
an ELISA (microplate absorbance reader kit) reader with exposure times of 6, 12, 24, 48, and
72 h, following the manufacturer’s recommendations. Statistical analysis was performed
with cellular experiments conducted in triplicate. The t-Student test was employed for
group comparisons, and a significance level of p < 0.05 was considered.

At the same time, fluorescence microscopy characterization was performed using
the Live/Dead kit (Sigma, Darmstadt, Germany) to study the cytotoxicity of the mixed
membrane at 6, 12, 24, 48, and 72 h in contact with the cells.

3. Results and Discussion
3.1. Synthesized BIO-HA

Figure 1 shows the SEM micrograph of the synthesized BIO-HA, revealing clusters
of irregularly sized particles resembling spheres, with particle sizes ranging from 0.5 to
2 µm. The closely spherical-shaped particles are the most common morphology for this
material. From the SEM analysis, we can observe that the particles formed were highly
agglomerated.
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Figure 1. SEM micrograph of BIO-HA obtained by the bovine bone calcination technique.
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The diffraction pattern of BIO-HA is shown in Figure 2a, which shows character-
istic peaks indexed to the planes (010), (002), (211), (112), (300), (310), (222), and (213),
corresponding to the compact hexagonal structure of hydroxyapatite (PDF No: 9-432).
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Figure 2. (a) X-ray diffraction pattern of BIO-HA; (b) FTIR spectrum of BIO-HA.

The FTIR spectrum shown in Figure 2b shows the presence of characteristic functional
groups of BIO-HA, showing a band at 636 cm−1 corresponding to bending vibrations of
OH functional groups of BIO-HA. Additionally, characteristic bands of bending vibrations
of the (PO4)3− functional group were identified at 1033, 957, 603, and 566 cm−1, along
with the presence of bands at 1539, 1458, and 1413 cm−1, indicative of the carbonate group
(CO3)2− [31,32].

3.2. Polymeric Electrospinning Membranes

The morphological analyses through SEM of the membranes obtained from PLA
and PVA-BIO-HA are presented in Figure 3. The PLA membrane shown in Figure 3a,
shows a heterogeneous distribution of ribbon-like fibers with pores, characterized by a
non-uniform spacing of approximately ~1.8 ± 2 µm between them. In contrast, when the
BIO-HA was added thinner fibers were obtained. The PVA-BIO-HA membrane (Figure 3b)
shows a random distribution of mostly cylindrical fibers of ~0.51 ± 8 µm in diameter. This
decreasing effect on the fiber diameter can be attributed to the hydrophilic nature of the
PVA, which prevents the complete evaporation of solvent, allowing the polymer jet to
undergo proper stretching and solidification during its flight to the collector [33]. Also,
smaller fiber spacings were compared to PLA membranes. Additionally, some nodules
are observed in some sections of the fibers, which could be related either to the high
concentration of PVA that can have a significant effect on the transformation of a solution
droplet at the needle tip into a charged uniaxial jet [33] or to the fact that the viscosity of
the PVA solution did not overcome the electrostatic repulsion, leading to the formation of
separate droplets instead of forming a continuous filament [34].

Figure 4 shows the SEM micrograph and the diameter histogram of the fibers of
the composite membrane. In Figure 4a, the SEM micrograph depicts a membrane with
fibrous structures exhibiting a random arrangement with irregular diameters and spacings
of different sizes between fibers without showing coalescence [35]. The surface of fibers
is completely smooth and reveals the presence of nodules that can be attributed to the
presence of PVA in the membrane and could be related to the highest concentration of
the starting solution compared to the PLA solution. This also prevents polymer chain
entanglements and therefore the formation of completely smooth fibers [33]. The membrane
exhibits interfiber spacing of approximately 0.5 µm, with a width ranging from 200 nm
to 700 nm. A second spacing range was identified, ranging from 700 nm to 1600 nm,
with few gaps greater than 1700 nm. Lenhert, S. et al. reported that these membrane
spacings favor nutrient diffusion, cell migration, and osteoblast cell adhesion [36]. The



Fibers 2024, 12, 33 6 of 13

statistical analysis of the diameter of the fibers that constitute the membrane is depicted in
the histogram in Figure 4b, where a distribution of fiber diameters ranging from 110 nm to
941 nm can be observed, with an average diameter of 290 nm. The SEM characterization
revealed a morphology with functional features that can act as a scaffold or guide for tissue
regeneration, particularly in applications related to bone regeneration. It is important to
mention that the surface-to-volume ratio of these electrospun membranes can be employed
as scaffolds, having various benefits, such as cell adhesion [37,38].

Fibers 2024, 12, x FOR PEER REVIEW 6 of 13 
 

that can have a significant effect on the transformation of a solution droplet at the needle 
tip into a charged uniaxial jet [33] or to the fact that the viscosity of the PVA solution did 
not overcome the electrostatic repulsion, leading to the formation of separate droplets in-
stead of forming a continuous filament [34]. 

  
(a) (b) 

Figure 3. SEM micrographs of the electrospun membranes: (a) From the PLA solution; (b) From the 
PVA/BIO−HA solution. 

Figure 4 shows the SEM micrograph and the diameter histogram of the fibers of the 
composite membrane. In Figure 4a, the SEM micrograph depicts a membrane with fibrous 
structures exhibiting a random arrangement with irregular diameters and spacings of dif-
ferent sizes between fibers without showing coalescence [35]. The surface of fibers is com-
pletely smooth and reveals the presence of nodules that can be attributed to the presence 
of PVA in the membrane and could be related to the highest concentration of the starting 
solution compared to the PLA solution. This also prevents polymer chain entanglements 
and therefore the formation of completely smooth fibers [33]. The membrane exhibits in-
terfiber spacing of approximately 0.5 µm, with a width ranging from 200 nm to 700 nm. A 
second spacing range was identified, ranging from 700 nm to 1600 nm, with few gaps 
greater than 1700 nm. Lenhert, S. et al. reported that these membrane spacings favor nu-
trient diffusion, cell migration, and osteoblast cell adhesion [36]. The statistical analysis of 
the diameter of the fibers that constitute the membrane is depicted in the histogram in 
Figure 4b, where a distribution of fiber diameters ranging from 110 nm to 941 nm can be 
observed, with an average diameter of 290 nm. The SEM characterization revealed a mor-
phology with functional features that can act as a scaffold or guide for tissue regeneration, 
particularly in applications related to bone regeneration. It is important to mention that 
the surface-to-volume ratio of these electrospun membranes can be employed as scaffolds, 
having various benefits, such as cell adhesion [37,38].  

 

 
(a) (b) 

0 200 400 600 800 1000
0

5

10

15

20

25

30

35

40

45

Re
la

tiv
e 

fre
qu

en
cy

Fiber diameter (nm)

Figure 3. SEM micrographs of the electrospun membranes: (a) From the PLA solution; (b) From the
PVA/BIO-HA solution.

Fibers 2024, 12, x FOR PEER REVIEW 6 of 13 
 

that can have a significant effect on the transformation of a solution droplet at the needle 
tip into a charged uniaxial jet [33] or to the fact that the viscosity of the PVA solution did 
not overcome the electrostatic repulsion, leading to the formation of separate droplets in-
stead of forming a continuous filament [34]. 

  
(a) (b) 

Figure 3. SEM micrographs of the electrospun membranes: (a) From the PLA solution; (b) From the 
PVA/BIO−HA solution. 

Figure 4 shows the SEM micrograph and the diameter histogram of the fibers of the 
composite membrane. In Figure 4a, the SEM micrograph depicts a membrane with fibrous 
structures exhibiting a random arrangement with irregular diameters and spacings of dif-
ferent sizes between fibers without showing coalescence [35]. The surface of fibers is com-
pletely smooth and reveals the presence of nodules that can be attributed to the presence 
of PVA in the membrane and could be related to the highest concentration of the starting 
solution compared to the PLA solution. This also prevents polymer chain entanglements 
and therefore the formation of completely smooth fibers [33]. The membrane exhibits in-
terfiber spacing of approximately 0.5 µm, with a width ranging from 200 nm to 700 nm. A 
second spacing range was identified, ranging from 700 nm to 1600 nm, with few gaps 
greater than 1700 nm. Lenhert, S. et al. reported that these membrane spacings favor nu-
trient diffusion, cell migration, and osteoblast cell adhesion [36]. The statistical analysis of 
the diameter of the fibers that constitute the membrane is depicted in the histogram in 
Figure 4b, where a distribution of fiber diameters ranging from 110 nm to 941 nm can be 
observed, with an average diameter of 290 nm. The SEM characterization revealed a mor-
phology with functional features that can act as a scaffold or guide for tissue regeneration, 
particularly in applications related to bone regeneration. It is important to mention that 
the surface-to-volume ratio of these electrospun membranes can be employed as scaffolds, 
having various benefits, such as cell adhesion [37,38].  

 

 

(a) (b) 

Figure 4. (a) SEM micrograph; (b) Histogram of fiber diameters of the composite membrane. 

0 200 400 600 800 1000
0

5

10

15

20

25

30

35

40

45

Re
la

tiv
e 

fre
qu

en
cy

Fiber diameter (nm)

Figure 4. (a) SEM micrograph; (b) Histogram of fiber diameters of the composite membrane.

In Figure 5, the FTIR spectra obtained from PLA, PVA-BIO-HA, and PLA/PVA-BIO-
HA membranes are presented. The FTIR spectrum in Figure 5a shows characteristic PLA
bonds at 3300 cm−1 associated with OH functional groups, as well as bonds at 1745, 1176,
and 1085 cm−1 assigned to the stretching vibration of the −C–O group, 1456 cm−1 corre-
sponding to the bending vibration of the −CH bond in the −CH3 group, and 1374 cm−1

related to a deformation in the symmetry of the −CH3 group. Additionally, the spectrum
shows a signal at 869 cm−1 corresponding to the stretching vibration of the −C–C [34].
Figure 5b shows the characteristic functional groups of BIO-HA phosphates, along with
an increase in the signal at 3300 cm−1 related to the stretching vibrations of OH func-
tional groups. Furthermore, bands are observed around 2912 cm−1 corresponding to the
stretching vibration of the CH2 group, 1663 cm−1 typical of the stretching vibration of the
−C=O group, 1081 cm−1 identified with the stretching vibration of the CO group, and
834 cm−1 associated with the rocking vibration of the CH2 group [39]. The FTIR spectrum
in Figure 5c presents the functional groups that confirm the presence of BIO-HA and PLA-
PVA polymers, demonstrating that the membrane is made up of these three compounds.
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brane, where a degradation step is observed, with a Tonset of 332 °C, attributed to the break-
ing of bonds in the polymer structure leading to the release of gaseous products, such as 
cyclic oligomers, acetaldehyde, lactide, and carbon monoxide [40], with a residue of 0.77 
wt% at 1000 °C. The thermogram of PVA-BIO-HA membrane (Figure 6b) shows two re-
gions of weight loss: the first from room temperature to 278 °C, attributed to the loss of 
water or solvent residues, and the second within the interval 278–440 °C [41], with a 

Figure 5. FTIR spectra of electrospun membranes: (a) PLA; (b) PVA-BIO-HA; (c) PLA/PVA-BIO-HA.

The thermograms of the electrospun membranes of PLA, PVA-BIO-HA, and PLA/
PVA-BIO-HA are shown in Figure 6. Figure 6a shows the thermogram of the PLA mem-
brane, where a degradation step is observed, with a Tonset of 332 ◦C, attributed to the
breaking of bonds in the polymer structure leading to the release of gaseous products,
such as cyclic oligomers, acetaldehyde, lactide, and carbon monoxide [40], with a residue
of 0.77 wt% at 1000 ◦C. The thermogram of PVA-BIO-HA membrane (Figure 6b) shows
two regions of weight loss: the first from room temperature to 278 ◦C, attributed to the
loss of water or solvent residues, and the second within the interval 278–440 ◦C [41],
with a residue of 4.92% at 1000 ◦C. The analysis of the thermal stability of the composite
membrane PLA/PVA-BIO-HA shows a gradual decomposition process in four stages, as
illustrated in Figure 6c. In the first stage, which takes place at temperatures below 100 ◦C,
the loss is attributed to the elimination of absorbed moisture and solvents present in the
membrane [39]. The second stage, which is in the range of 190 to 270 ◦C, is associated with
the loss of low-molecular-weight substances, such as residual acetate groups, unconjugated
polyenes, and water. The third stage corresponds to the loss of the main functional groups
of the polymer, occurring in the range of 350 ◦C [40–42]. The fourth and final stage, at
a temperature of 400 ◦C, includes the chemical elements that make up BIO-HA. With a
residue of 13.2% at 1000 ◦C, the PLA/PVA-BIO-HA membrane exhibits higher thermal
stability compared to membranes of PLA and BIO-HA. This finding suggests that the
presence of BIO-HA has a positive influence on the thermal stability of the membrane,
reaching its maximum decomposition temperature at 433 ◦C [43].
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Figure 6. Thermograms of the electrospun membranes: (a) PLA; (b) PVA-BIO-HA; (c) PLA/PVA-
BIO-HA.

Figure 7 shows the DSC curves of electrospun membranes. According to the DSC
results of the PLA membrane (Figure 7a), the Tp of PLA is around 348 ◦C, corresponding
to the point of the highest rate of change observed in the weight loss curve. In the case of
the PVA-BIO-HA membrane (Figure 7b), the most significant weight loss occurred around
300 ◦C. In the case of the PLA/PVA-BIO-HA membrane (Figure 7c), the most significant
weight loss is like that of the PVA-BIO-HA membrane because it happened close to 300 ◦C.

The values reported in Table 1 correspond to the EDS results of the composite mem-
brane, where it is observed that the components of the PLA/PVA-BIO-HA membrane
are calcium (Ca), oxygen (O), phosphorus (P), and carbon (C), of which Ca, P, and O are
the main components of BIO-HA, while C is related to the polymers of the composite
membrane. The stoichiometric Ca/P ratio, calculated from the weight percentage (wt%)
of the composite membrane, is 2, which is below that reported for hydroxyapatite mem-
branes [32]. This decrease could be due to the incorporation of the polymer atoms into the
BIO-HA network that makes up the membrane. Figure 8 shows the representative mapping
that reveals the percentage of each element identified in the analysis. It is important to
mention that three different regions were analyzed to make the statistical analysis and
obtain the weight percentage.
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Table 1. Elemental composition of the composite membrane analyzed by EDS.

Element wt%

C 58.79
O 41.01
P 0.07

Ca 0.14
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3.3. Characterization Proliferation, Cytotoxicity

Figure 9 shows the obtained results of the cellular proliferation behavior of PLA/PVA-
BIO-HA membranes compared to the proliferation observed in the control group. Signifi-
cant differences in statistical analyses (p < 0.05) are observed between the membrane group
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and the control group at 6, 24, and 72 h. These differences can be attributed to enhanced
cellular interaction and improved physical support provided by the polymeric membrane
acting as a scaffold and the hydroxyapatite particles [25]. It is worth mentioning that after
12 h and 48 h, no significant changes were recorded compared to the control group, and the
growth rate was like that of the control group. This can be attributed to the time it takes for
cells to properly adhere to and initiate the proliferative process.

Fibers 2024, 12, x FOR PEER REVIEW 10 of 13 
 

 
Figure 8. Elemental composition of the composite membrane analyzed by EDS. 

3.3. Characterization Proliferation, Cytotoxicity 
Figure 9 shows the obtained results of the cellular proliferation behavior of 

PLA/PVA-BIO-HA membranes compared to the proliferation observed in the control 
group. Significant differences in statistical analyses (p < 0.05) are observed between the 
membrane group and the control group at 6, 24, and 72 h. These differences can be at-
tributed to enhanced cellular interaction and improved physical support provided by the 
polymeric membrane acting as a scaffold and the hydroxyapatite particles [25]. It is worth 
mentioning that after 12 h and 48 h, no significant changes were recorded compared to 
the control group, and the growth rate was like that of the control group. This can be 
attributed to the time it takes for cells to properly adhere to and initiate the proliferative 
process. 

 
Figure 9. Effect of the composite membrane on the proliferation rate of mesenchymal cells. Time 
points represent the mean of triplicates (** = p < 0.01, *** = p < 0. 001). 

The fluorescence test reveals that human fluorescence-green mesenchymal cells ad-
here to the polymeric membrane fibers immersed in the cell culture medium over a period 
of 6, 12, 24, and 48 h. These results demonstrate that the membrane does not induce tox-
icity in cell culture and supports cell proliferation as a scaffold (Figure 10). 

Figure 9. Effect of the composite membrane on the proliferation rate of mesenchymal cells. Time
points represent the mean of triplicates (** = p < 0.01, *** = p < 0. 001).

The fluorescence test reveals that human fluorescence-green mesenchymal cells adhere
to the polymeric membrane fibers immersed in the cell culture medium over a period of 6,
12, 24, and 48 h. These results demonstrate that the membrane does not induce toxicity in
cell culture and supports cell proliferation as a scaffold (Figure 10).
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and attached cells are represented in green on the membrane. The hydroxyapatite agglomerations
fluoresce red. The membrane fibers are shown in combination of both green and red colors.
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4. Conclusions

In this work, a membrane composed of PLA, PVA, and BIO-HA was fabricated using
the coaxial electrospinning technique with a rotating drum. The fabrication was carried out
by mixing PLA with TCM, a second solution of PVA with IPA, and BIO-HA. The BIO-HA
particles were obtained through the calcination of bovine bone, a process that included
cleaning, drying, thermal treatment, and grinding.

FTIR spectroscopy studies confirmed the presence of functional group characteris-
tics in BIO-HA and the polymeric components of PLA and PVA, showing a mixture of
whole components in the composite membrane. Also, morphological analyses presented a
membrane with randomly arranged fibrous structures exhibiting irregular diameters and
spacings of different sizes between fibers; these spaces facilitate nutrient diffusion, cell
migration, and adhesion cells.

The PLA-PVA polymer blend showed an improvement in the mechanical properties
of the membrane. Additionally, by adding BIO-HA, it was observed that the composite
membrane showed greater thermal stability compared to the PLA membrane.

According to the cell proliferation assay, the results showed that the polymeric mem-
brane enhances cellular communication by increasing the number of cells at 6, 24, and 72 h
upon contact with the membrane. Additionally, studies on the cytotoxicity assay of the
PLA/PVA-BIO-HA membrane resulted in non-toxic outcomes, supporting the morphology
and cellular adhesion of mesenchymal cells. Therefore, the results obtained in this study
suggest that this composite membrane can be utilized for the regeneration of bone and joint
tissue due to the favorable impact of both the BIO-HA and the PLA on cell proliferation.
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