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ABSTRACT

Background: Dental implantology relies on the presence of healthy bone tissue at the implant site. Guided bone tissue
regeneration (GBTR) techniques enhance bone volume and quality, crucial for implant stability. Electrospun membranes,
with their high surface area and porosity, are promising for GBTR due to their ability to mimic the extracellular matrix. Aim:
This study investigates the preparation and characterization of electrospun membranes composed of poly(g-caprolactone)
(PCL), nano-hydroxyapatite (nano-HAp), and polyethylene glycol (PEG) for guided bone tissue regeneration in dentistry.

Methodology: PCL pellets were dissolved in chloroform with PEG to enhance electrospinnability. Nano-HAp particles were
dispersed in the PCL solution. Electrospinning was employed to fabricate nanofibrous membranes. Characterization included
SEM, FTIR, mechanical testing, wettability tests, and cell viability analysis using MG-63 cells through confocal microscopy.

Results: SEM confirmed the formation of nanofibrous structures with porous surfaces. FTIR validated the incorporation of
nano-HAp. The experiment group showed higher mean tensile strength (4.70 MPa) and strain (12.68%) than the control
(3.64 MPa and 10.22%). The experiment group exhibited a lower water contact angle (63.40°) compared to the control
(90.00°). Confocal microscopy indicated superior cell attachment and proliferation on the experiment scaffolds. Discussion:
The study demonstrated that electrospun membranes with PEG and nano-HAp significantly enhance mechanical properties,
wettability, and biocompatibility compared to PCL-only membranes. The improved tensile strength, strain, and lower contact
angle suggest better material integrity and hydrophilicity, essential for promoting cell adhesion and bone regeneration.
Superior cell attachment and proliferation observed in the experiment group indicate that these membranes are more effective
in supporting bone tissue regeneration.

Conclusion: PCL + PEG + nano-HAp membranes demonstrate enhanced mechanical properties, wettability, and
biocompatibility, making them suitable for guided bone tissue regeneration in dentistry.

Keywords: Electrospinning, poly(e-caprolactone), nano-hydroxyapatite, polyethylene glycol, guided bone tissue
regeneration, dental implants, biocompatibility, mechanical properties, wettability, cell viability.

1. INTRODUCTION

Dental implantology has revolutionized modern dentistry by providing an effective solution for the replacement of missing
teeth. However, successful implantation relies heavily on the presence of a healthy and adequate volume of bone tissue at
the implant site(Cicciu et al., 2023). In cases where the bone quantity or quality is compromised due to trauma, periodontal
disease, or congenital anomalies, guided bone tissue regeneration (GBTR) techniques play a vital role in facilitating bone
regeneration and supporting implant stability(Kandhari et al., 2023; Tolstunov, 2022).

Electrospun membranes have shown great potential in dental applications for GBTR due to their unique characteristics,
including high surface area, porosity, and tunable physical and biological properties(Berton et al., 2019). In this study, we
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focus on the preparation and characterization of electrospun membranes composed of poly(e-caprolactone) (PCL), nano-
hydroxyapatite (nano-HAp), and polyethylene glycol (PEG) for guided bone tissue regeneration in dentistry(Mahmoud et
al., 2023; Watcharajittanont et al., 2023)(Shankar et al., 2024).

Poly(e-caprolactone) (PCL), a biodegradable polymer with excellent biocompatibility, has been extensively investigated in
the field of dental tissue engineering(Calciolari et al., 2023). Its slow degradation rate aligns with the bone healing process,
providing a supportive matrix for cellular attachment, proliferation, and new bone formation(Priya Veeraraghavan, Rilah, et
al., 2023). By incorporating nano-hydroxyapatite (nano-HAp) into the PCL matrix, the electrospun membranes can offer
enhanced osteoconductivity and mimic the mineral composition of natural bone, promoting rapid and effective bone
regeneration at the implant site(Duraisamy & Senior Lecturer, Department of Prosthodontics and Implantology, Saveetha
Dental College and Hospitals, Saveetha Institute of Medical and Technical Sciences, 2021; Wu et al., 2023)(Lee et al., 2023).

Polyethylene glycol (PEG), a hydrophilic polymer, is commonly used as an additive in electrospinning to improve the
processability and biocompatibility of the resulting membranes(Givens, 2008). The addition of PEG enhances the
electrospinnability of the PCL solution, enabling the formation of fine, uniform fibers with improved mechanical properties.
Moreover, PEG imparts hydrophilicity to the membranes, facilitating cell adhesion, nutrient diffusion, and waste removal at
the site of bone regeneration(Das & Gebru, 2018).

The electrospinning technique allows for the fabrication of nanofibrous membranes with a structure resembling the
extracellular matrix (ECM), promoting cellular attachment, migration, and proliferation(Watcharajittanont et al.,
2023)(Liang et al., 2024). The fiber diameter, alignment, and morphology of the electrospun membranes can be precisely
controlled by adjusting the electrospinning parameters (Ramsundar et al., 2023; Rieshy et al., 2023; Singh et al., 2023). The
resulting membranes provide a scaffold that supports cellular ingrowth and differentiation, facilitating the formation of new
bone tissue (Pavithra et al., 2023; Shenoy et al., 2023; Thomas & Jain, 2023).

Characterization of the electrospun membranes is essential to evaluate their suitability for guided bone tissue regeneration in
dentistry(Tripathi et al., 2023)(Liang et al., 2024; Su, 2020). Scanning electron microscopy (SEM) enables the examination
of membrane morphology, fiber distribution, and interconnectivity, providing insights into their structural characteristics
(Doshi et al., 2023; Lampl et al., 2023; Pandiyan et al., 2023). Fourier transform infrared spectroscopy (FTIR) helps identify
the chemical composition and interactions between the polymer components, confirming the presence of nano-HAp within
the membranes. Mechanical testing assesses the tensile strength and flexibility of the membranes, ensuring their ability to
withstand masticatory forces and maintain stability during the healing process.

2. MATERIALS AND METHODOLOGY:
2.1. Materials and Methods:

The study was conducted in Green Lab, Saveetha Dental College, in Chennai in the year 2023.

Poly(e-caprolactone) (PCL) pellets with a molecular weight of M, 80,000 and Polyethylene glycol (PEG) with a molecular
weight of M, 6000 were procured from Sigma-Aldrich (Chennai Branch).

Nano-hydroxyapatite (nano-HAp) particles with an average particle size of 10-100 nm were produced biomimetically using
simulated body fluid. Chloroform was used as an organic solvent.

2.2. Preparation of PCL Solution:

0.2 g PCl pellets were taken, They were then dissolved in 2ml organic solvent (chloroform) to a conformulate a concentration
of 10% wi/v. The solution was stirred using a magnetic stirrer until complete dissolution was achieved. 40 mg of PEG was
added to the PCL solution to enhance electrospinnability and biocompatibility. Stir the solution to ensure homogeneity.

2.3. Preparation of Nano-HAp-Loaded PCL Solution:

60 mg of nano-HAp particles were weighed according to the desired loading concentration. The weighted nano-HAp
particles were added to the prepared PCL solution. The solution was stirred using a magnetic stirrer for a sufficient period to
achieve a homogeneous dispersion of nano-HAp within the PCL solution.

2.4. Electrospinning Process:

The electrospinning apparatus was set up in a controlled environment to minimize electrostatic interference. The metal
collector plate was attached to the high-voltage power supply and grounded.The PCL or nano-HAp-loaded PCL solution
were loaded into a syringe fitted with a blunt-tipped needle.The distance between the needle tip and the collector plate was
adjusted, typically in the range of 20 to 30 cm, depending on the desired fiber morphology and diameter. A high voltage
(e.g., 5-50 kV) was then applied to the needle using the high-voltage power supply. Gradually and uniformly extrude the
nano-HAp-loaded PCL solution from the syringe using a syringe pump at a predetermined flow rate which can be controlled
using the gauge of the needle and the voltage.
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The electrospinning procedure was continued till the desired membrane thickness was achieved. After electrospinning, the
electrospun membrane was carefully removed from the collector plate using scissors or a cutting tool.

The electrospun membrane was placed in a vacuum oven at a temperature of 60°C to remove any residual solvent and
promote further drying and solidification.Once fully dried, the electrospun membrane was stored in an airtight container until
further use.

2.5. Morphology analysis

Scanning electron microscopy (SEM, JSM-7401F) was used to analyze the morphologies of the electrospun PCL/GE and
HAp-PCL/GE fibers.

2.6. Mechanical testing

A universal testing machine (UTM) was used to measure the electrospun fibrous membranes' tensile strength(Jawaid et al.,
2018). Every sample was created using electrospun fibrous membranes in the shape of a rectangle with dimensions of 5 by
20 mm for both width and length. A digital micrometer was used to measure the sample thicknesses. For any given type of
electrospun fibrous membrane, at least five samples were stretched until they broke. 500 gf load cells were used to take the
measurements. At a deformation speed of 0.5 mm/s, load-deformation data were obtained, and the load-deformation curve
was used to build the stress-strain curve of the nanofibrous structure.

2.7. Water contact angle(Wettability Testing)

A device called the EasyDrop Contact Angle Measuring System was used to assess and compare the hydrophilicities of
electrospun PCL/GE and HAp—PCL/GE membranes. To measure the water contact angle(Hilal et al., 2017), the membranes
were set up on a sample stage, and water was automatically dripped onto the sample's mesh surface. Making sessile droplets
required the use of a fine needle. As the sample table is rotated upward and downward again, a drop is created at the needle's
tip and then collected up by the mesh surface. One side of the drop is lit, and the image is captured by a camera on the other.
After being saved to a computer, the drop image was displayed on a monitor. To determine the contact angle, the DSA
software examines the drop image.

2.8. Cell Viability and Confocal analysis

Electrospun nanofibers were initially sterilized under UV light for 6 h per side, sterilized further with 70% ethanol (30 min),
washed with phosphate-buffered saline (PBS), and finally soaked in DMEM(Dulbecco's Modified Eagle Medium) for 1 h.
MG-63 cells were seeded on 1 mm of the scaffold (20 mm in diameter) at a density of 104 cells/cm2 in a 24-well plate culture
medium with 10% fetal bovine serum and 1% penicillin—streptomycin. Confocal microscopy was performed to observe the
growth of the MG-63 cell seeded onto the PCL/GE and HAp—PCL/GE scaffolds, respectively. Briefly, after 1 day, 3 days,
and 7 days of culture, the PCL/GE and 50% HAp-PCL/GE scaffolds were rinsed with PBS twice and fixed in 4%
paraformaldehyde (Sigma-Aldrich) for 15 min at room temperature, permeability in PBS containing 0.25% Triton X-100
(Sigma-Aldrich) for 10 min and blocked in 2.5% BSA for 30 min. The cells were immunostained by using (FITC-conjugated
phalloidin (25 pg/ml) for 2 h at room and anti-collagen type | antibody (1:100 dilutions) overnight at 4 °C. Nuclei were
counterstained with DAPI. Finally the scaffolds were mounted onto glass slides and visualized under a confocal fluorescent
microscope (FV10i-W) using 10 (low magnification) and 60 (high magnification) objectives.

3. RESULTS
3.1. Morphologies of electrospun PCL and HAp-loaded membranes:

Scanning electron microscopy (SEM) images of electrospun polycaprolactone (PCL) incorporated with nano hydroxyapatite
(nano HAp) particles reveal structural details and morphological characteristics at the micro- and nano-scale. These images
exhibited an intricate network of PCL fibers interspersed with uniformly dispersed nano HAp particles, highlighting their
distribution and interaction within the matrix. The SEM micrographs provide valuable insight into the fiber diameter,
orientation, and alignment, as well as the dispersion and agglomeration of nano HAp particles. The Unwoven matrix of fibers
with triangular voids represent the extracellular matrix and allow maximum surface area for the osteoblast to adhere.
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3.2. Mechanical testing

Mechanical Property Control Group (Mean = SD) | Experimental Group (Mean + SD) | p-value
Tensile Strength (MPa) | 3.64 +0.10 470+ 0.14 0.001*
Tensile Strain (%) 10.22 +0.17 12.68 +0.42 0.004*

*Significance: P-value is less than 0.05.

The higher tensile strength and strain observed in the experiment group are indicative of better material integrity, which is
essential for maintaining scaffold stability under physiological conditions. The statistically significant p-values obtained
from the t-tests confirm that these improvements are not due to random variation but are a direct result of the material

modifications.
3.3. Wettability Test:

The water contact angle was measured for 5 samples from each group.
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Property Control Group (Mean £ SD) | Experimental Group (Mean £ SD) | p-value
\Water Contact Angle (°) | 90.00 + 1.58 63.40+1.14 0.0145*

*Significance: P-value is less than 0.05.

The wettability tests showed a marked decrease in the water contact angle for the experimental group compared to the control
group. The control group had a mean water contact angle of 90.00° (SD = 1.58), while the experiment group had a mean
water contact angle of 63.40° (SD = 1.14). The lower contact angle signifies enhanced hydrophilicity, which is crucial for
promoting cell adhesion, proliferation, and differentiation. Improved wettability facilitates better nutrient diffusion and waste
removal, thereby creating a more favorable environment for cellular activities necessary for bone regeneration.

3.4. Cell Viability and Confocal analysis

Electrospun nanofibers were tested for cell viability using MG-63 cells seeded on both control (PCL only) and experiment
(PCL + PEG + Nano HAp) scaffolds. The scaffolds underwent sterilization with UV light, ethanol, and PBS washes before
soaking in DMEM. MG-63 cells were then cultured on the scaffolds, and confocal microscopy was used to observe cell
growth on days 1, 3, and 7.

In the control group, moderate cell attachment was observed on day 1, with cells starting to spread. By day 3, cell proliferation
increased, forming a more interconnected network. By day 7, significant cell growth resulted in dense cell layers covering
most of the scaffold surface. In contrast, the experiment group showed high cell attachment and rapid cell spreading on day
1. By day 3, there was markedly increased cell proliferation and faster network formation compared to the control group. By
day 7, the experiment group exhibited extensive cell growth with well-formed, dense, multi-layered structures covering the
scaffold surface completely.

Confocal microscopy images confirmed these observations, showing sparse cell distribution in the control group on day 1
and high cell density in the experiment group. By day 7, the control group had dense cell layers, while the experiment group
had multi-layered dense structures. These results suggest that the PCL + PEG + Nano HAp scaffolds significantly enhance
cell attachment and proliferation, making them more suitable for guided bone tissue regeneration applications in dentistry.

4. DISCUSSION

One of the primary roles of GBR lies in its ability to augment bone volume, particularly in areas where bone resorption has
occurred due to factors such as tooth loss, trauma, or periodontal disease(Ramamurthy & Bajpai, 2024)(Priya Veeraraghavan,
Rilah, et al., 2023). By providing adequate bone support, GBR facilitates optimal implant stability and osseointegration,
which are vital for the long-term success of implant treatments. Moreover, GBR techniques play a crucial role in achieving
favorable aesthetic outcomes.GBR also plays a pivotal role in preserving vital anatomical structures such as the maxillary
sinus floor and the inferior alveolar nerve cana(Dotia et al., 2024)l. By preventing bone resorption and maintaining bone
height and width, GBR helps mitigate the risk of complications during implant placement procedures, particularly in the
posterior maxilla and mandible (Janani et al., 2021; Kachhara et al., 2021; Subramanian et al., 2023). Additionally, GBR
techniques are instrumental in the treatment of peri-implantitis, a common complication characterized by inflammation and
bone loss around dental implants. Through regenerative therapies, GBR aims to restore lost bone and soft tissue support,
salvaging failing implants and preventing further deterioration (Gandhi et al., 2021; Katyal et al., 2023; Priyadharshini et al.,
2023).

Membranes play a crucial role in excluding connective tissue cells from the bone defect site, thereby fostering selective
repopulation by osteogenic cells essential for bone regeneration, such as osteoblasts and mesenchymal stem cells(Senthil,
2024). This selective cellular repopulation not only promotes new bone formation but also mitigates the risk of fibrous tissue
formation, which could compromise the success of the regeneration process (Chokkattu et al., 2023; Dharman et al., 2023;
Govindaraj & Shanmugam, 2023). Additionally, membranes serve to contain and stabilize bone graft materials within the
defect site, facilitating optimal integration and remodeling while preventing migration or displacement of graft particles.
Beyond containment, membranes also contribute to the maintenance of space and stability during the healing process,
preventing collapse or distortion of the augmented area and ensuring the preservation of the desired bone architecture(Abitha
et al., 2021)(Vishva et al., 2023).

According to the PASS principle which is required for a successful GBR, stabilization of the graft and membrane is essential
(Rajeshkumar & Lakshmi, 2021; N. Sivakumar et al., 2021). By providing the graft in the form of electrospun membrane,
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we see to it that the graft stays together and doesn't get dislodged like in particulate grafting. Furthermore, its PCI content
allows it flexibility and easy adaptability to the defect site (Jang et al., 2023).

The versatility of controlling density, thickness and filler loading of electrospun membranes allows to produce a less dense
higher filler loaded graft membrane and a more dense thicker barrier membrane. Furthermore as seen in the SEM images,
the triangular shaped interspaces and centers of nano HAP aggregations allow invasion and binding of osteoblasts and
osteoclasts. This enhances bone regeneration(E et al., 2024).

By using biomimetic nano-HAP, we are emulating the formation of nano-HAP in the human body. This allows it to be more
easily absorbed and more effective in GBR(Sairaman et al., 2022).

The results of this study underscore the enhanced performance of electrospun membranes composed of PCL, PEG, and nano-
hydroxyapatite (nano-HAp) for applications in guided bone tissue regeneration. The experimental data reveal significant
improvements in mechanical properties, wettability, and biocompatibility when compared to the control group (PCL only).

The tensile strength and tensile strain measurements demonstrated that the addition of PEG and nano-HAp to PCL
substantially improves the mechanical robustness of the electrospun membranes. The higher tensile strength and strain
observed in the experiment group are indicative of better material integrity, which is essential for maintaining scaffold
stability under physiological conditions. The statistically significant p-values obtained from the t-tests confirm that these
improvements are not due to random variation but are a direct result of the material modifications(N. K. Sivakumar et al.,
2024).

The wettability tests showed a marked decrease in the water contact angle for the experimental group compared to the control
group. The lower contact angle signifies enhanced hydrophilicity, which is crucial for promoting cell adhesion, proliferation,
and differentiation. Improved wettability facilitates better nutrient diffusion and waste removal, thereby creating a more
favorable environment for cellular activities necessary for bone regeneration.

The confocal microscopy analysis provided clear evidence of superior cell attachment and proliferation on the PCL + PEG
+ nano-HAp scaffolds. The MG-63 cells displayed rapid spreading and network formation within the first few days of culture,
leading to dense, multi-layered cell structures by day 7. In contrast, the control scaffolds showed relatively slower cell
attachment and less dense cell layers. This suggests that the incorporation of PEG and nano-HAp significantly enhances the
biocompatibility of the scaffolds, making them more effective in supporting bone tissue regeneration.

The combined effects of improved mechanical properties, enhanced wettability, and superior biocompatibility make the PCL
+ PEG + nano-HAp electrospun membranes highly suitable for guided bone tissue regeneration(Shah et al., 2023). These
scaffolds provide a supportive matrix that mimics the extracellular matrix, promoting cellular activities essential for bone
healing and regeneration. The study's findings align with the principles of guided bone regeneration (GBR), which emphasize
the importance of scaffold stability, biocompatibility, and the creation of a conducive environment for bone tissue
formation(Priya Veeraraghavan, Bharathidasan, et al., 2023).

While the results are promising, further research is needed to explore the long-term performance of these scaffolds in vivo.
Clinical studies should be conducted to validate the efficacy of the PCL + PEG + nano-HAp membranes in actual dental
implantology procedures. Additionally, optimizing the ratios of PCL, PEG, and nano-HAp could further enhance the scaffold
properties and tailor them for specific clinical applications.

In general, guided bone tissue regeneration (GBTR) techniques play a vital role in facilitating bone regeneration and
supporting implant stability in dental implantology. Electrospun membranes have shown great potential in these applications
due to their high surface area, porosity, and tunable physical and biological properties. PCL, a biodegradable polymer with
excellent biocompatibility, is commonly used in dental tissue engineering for its slow degradation rate, which aligns with
the bone healing process. The addition of nano-HAp enhances the osteoconductivity of the membranes, mimicking the
mineral composition of natural bone and promoting effective bone regeneration. PEG, a hydrophilic polymer, improves the
processability and biocompatibility of the electrospun membranes, facilitating cell adhesion and nutrient diffusion.

The findings of this study contribute to the growing body of knowledge on the use of electrospun membranes for guided
bone tissue regeneration in dentistry. The systematic methodology and comprehensive characterization provide valuable
insights into the potential of these membranes to support bone regeneration and enhance the success of dental implant
procedures. This research highlights the importance of material composition and structural properties in developing effective
scaffolds for bone tissue engineering.

5. CONCLUSION

In conclusion, the preparation and characterization of electrospun membranes composed of PCL, nano-HAp, and PEG hold
significant promise for guided bone tissue regeneration in dentistry. The careful selection of materials, including the
biodegradable PCL, osteoconductive nano-HAp, and process-improving PEG, contributes to the creation of a membrane that
aligns with the principles of GBR. The electrospinning technique enables the fabrication of nanofibrous membranes with a
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structure resembling the extracellular matrix, providing a scaffold for cellular ingrowth and differentiation crucial for bone
tissue formation.
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