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ABSTRACT

Introduction: Investigation on electrospun nanofiber for bone tissue engineering have been extensively conducted 
with the main focus is towards mimicking bone extracellular matrix (ECM) that have osteoconductive properties to 
restore injured or diseased bones. Incorporating calcium phosphates enhances the bioactivity of these nanofibers, 
but there has been limited exploration of β-tricalcium phosphate (β-TCP) compared to hydroxyapatite (HA). There-
fore, this study investigated the surface modification of polycaprolactone (PCL)/chitosan electrospun nanofiber with 
β-TCP. Materials and Methods: Initially, PCL (10 wt.%)/Chitosan (1 wt.%) nanofibers were fabricated at different 
PCL-to-chitosan volume ratios (60:40, 70:30 and 80:20). Then, PCL/Chitosan nanofiber with 70:30 ratio was select-
ed for the surface modification by immersing the nanofibers in β-TCP (1wt.%) solution, as this ratio produced the 
finest nanofibers, most closely resembling the bone ECM. All nanofibers underwent characterization analysis using 
Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and water contact angle (WCA) 
measurements. Results: Based on the SEM results, PCL/Chitosan nanofibers with a 70:30 ratio exhibited a more inter-
connected and porous structure compared to pure PCL, with the addition of β-TCP further enhancing this porous net-
work morphology. Wettability results demonstrated increased hydrophilicity from pure PCL (110.6°) to PCL/Chitosan 
(84.4°) and PCL/Chitosan/β-TCP (64.9°). The successful incorporation of chitosan and β-TCP into the PCL matrix, as 
evidenced by characteristic peaks of FTIR spectra for C-H, N-H, C=O, C-O-C, and PO₄3⁻ groups. Conclusion: These 
findings suggest that the PCL/Chitosan/β-TCP nanofiber scaffold holds significant potential in replicating native bone 
properties for tissue engineering applications.
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INTRODUCTION 

Globally, bone disorders and conditions are on the rise 
and are expected to double by 2020, particularly in 
aging populations and those with low physical activity 
levels. Engineered bone tissue has been considered 
an alternative to conventional bone grafts due to their 
limitless supply and lack of disease transmission [1]. 
Although bones have the ability to heal and regenerate, 

bone healing cannot be achieved on its own in cases 
of large segmental bone defects caused by factors 
such as old age, traffic accidents, non-union fractures, 
bone tumor resections and others [2]. These problems 
can adversely affect the patient's health and quality 
of life. The goal of bone tissue engineering (BTE) is to 
induce new functional bone regeneration by combining 
biomaterials, cells, and factors in a synergistic manner 
[1]. 

Bone tissue engineering (BTE) provides a novel 
therapeutic strategy for the restoration of injured bone 
structures. It serves as an alternative to conventional 
tissue transplant techniques, including autografts 
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and allografts, BTE addresses challenges related to 
limited donor availability, inadequate supply, and 
immune rejection [3]. By integrating scaffolds, cells, 
and mechanical or soluble factors, BTE provides a 
sustainable, long-term solution for bone regeneration 
[2]. A key challenge in BTE is the development of 
bioartificial bone implants scaffolds that replicate the 
extracellular matrix (ECM) and possess osteoconductive 
properties to restore injured or diseased bones. One 
critical characteristic of bone scaffolds is their porosity, 
which facilitates the integration of osteogenic cells and 
tissue formation. High porosity, interconnected pore 
networks, and a large surface area have been shown 
to significantly enhance tissue in-growth. Nanofibrous 
scaffolds are particularly promising in BTE due to their 
favorable properties for bone regeneration [3]. Among 
fabrication techniques, electrospinning is widely 
employed for creating nanofiber scaffolds. This method 
mimics the structure of collagen fibrils and provides an 
increased surface area to support cell attachment [4].

A scaffold's primary function is to provide a balance 
between short-term mechanical support and efficient 
mass transport, enabling biological delivery and tissue 
repair. Scaffolds serve as temporary extracellular 
matrices, promoting cell proliferation, differentiation, 
and biosynthesis. Scaffolds positioned at the sites of 
regeneration also help prevent invasion of disrupting 
cells. For bone reconstruction to be achieved, scaffolds 
must meet a number of specific criteria [2]. The 
materials used for nanofibers fabrication can be natural 
or synthetic. Synthetic biodegradable polymers such 
as PCL has good mechanical properties and is widely 
used in BTE as the primary material for electrospun 
nanofibers [5,6,7]. As compared to other materials, 
PCL has a slow degradation rate. Additionally, natural 
polymers such as chitosan can be used in BTE because 
of their biocompatibility, biodegradability, and ability 
to enhance cell adhesion and proliferation. However, 
it has some limitations, such as low mechanical 
strength and potential adverse reactions [8]. Therefore, 
by combining PCL and Chitosan in nanofibers, 
the scaffold properties can be enhanced and the 
limitations of each material could be overcome [6,9-
12], surface modifications of nanofibers can enhance 
their properties and effectiveness for BTE and other 
uses. Alongside hydrolysis and aminolysis, techniques 
such as plasma treatment and physical adsorption have 
been employed to alter the surface of nanofibers [13]. 
β-tricalcium phosphate (β-TCP) is a biocompatible 
and osteoconductive material and has the potential to 
be used in BTE as a surface modification material for 
nanofibers. As a result, it can support the growth of new 
bone tissue and facilitate bone regeneration [8]. 

Human health is at risk when bones are damaged by 
trauma or tumours, and therefore the development 
of three-dimensional (3D) scaffolding materials that 
promote and stimulate the regeneration of broken 

bone tissues has become a major research focus. In 
this regard, a preferential combination of materials and 
preparation techniques is considered crucial for the 
preparation of advanced BTE scaffolds to better facilitate 
broken bone regeneration [14]. One primary challenge 
lies in ensuring biocompatibility and bioactivity of 
engineered scaffold materials. These materials must 
support cell adhesion, proliferation, and differentiation 
while promoting bone tissue formation. Replicating 
native bone mechanical properties presents another 
significant hurdle, as the engineered scaffold needs to 
possess sufficient strength, stiffness, and toughness to 
withstand physiological loads.

In this research, PCL and chitosan are explored as 
polymers for the fabrication of nanofiber scaffold via 
electrospinning method. Nanofibrous polymer scaffolds, 
particularly those made from polycaprolactone (PCL) 
and chitosan, have shown considerable potential in 
the field of tissue engineering. However, their limited 
bioactivity and mechanical properties hinder their 
optimal performance in supporting cellular activities 
and promoting tissue regeneration. To address these 
challenges, the incorporation of β-TCP as a surface 
modification emerges as a potential solution [9,15]. 
Enhancing the bioactivity and osteoconductivity of 
scaffolds for BTE by modifying their surfaces with calcium 
phosphates is one of the key strategies for enhancing 
the bioactivity of nanofibers. While hydroxyapatite (HA) 
has been widely investigated for surface modification, 
the limited exploration of β-TCP in nanofiber surface 
modification creates a substantial gap in understanding 
its specific impact on the structural, mechanical, and 
biological aspects of the nanofibers. In the existing 
literature, HA is predominantly discussed, leaving a 
significant knowledge gap regarding the distinct effects 
of β-TCP on nanofiber scaffolds. Therefore, this research 
aims to address this critical gap by systematically 
investigating the effects of β-TCP as the exclusive coating 
agent for nanofiber surface modification. By elucidating 
the unique contributions of β-TCP in promoting 
bioactivity and optimizing mechanical properties, this 
study aims to provide valuable insights that will inform 
the selection and design of advanced biomimetic 
scaffolds, thereby advancing the field of BTE.

MATERIALS AND METHODS

Materials
PCL pellets (Mw = 80,000 kDa), Chitosan powder (Mw = 
80,000 kDa). Chloroform and methanol. Glacial acetic 
acid at a concentration of 2% (w/w)  and synthetic ≥98% 
β-tri-Calcium phosphate (sintered Powder) was obtained 
from Sigma Aldrich [16].

Preparation of PCL/Chitosan solution 
A 10 wt% PCL solution was prepared by stirring in a 
chloroform/methanol solvent mixture (3:1, v/v) at 600 
rpm for 2 hours [17]. Simultaneously, a 1 wt% chitosan 
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Water Contact Angle
The contact angle of the nanofiber scaffold was 
measured using the sessile drop method with the help of 
contact angle analyzer (AST-VCAOptima, AST product 
inc., USA). The samples were prepared with dimensions 
of 1x1 cm². A small drop of water where the volume to 
dispense was set to 2.0 was deposited to the sample. 
When the water droplet fell onto the sample, a high-
resolution camera captured a back-lit image of the 
droplet on the surface in profile. The captured image 
was then analyzed by VCAOptima software to measure 
the contact angle. In this study 3 readings were taken for 
each sample and the average WCA measurement was 
calculated.

RESULTS 

The SEM images of electrospun nanofibers in Fig. 1 reveals 
distinct characteristics across different formulations. The 
SEM analysis reveals notable differences in the average 
fiber diameter of PCL and PCL/Chitosan nanofibers at 
various mixing ratios. Upon coating the PCL/Chitosan 
(70:30) nanofibers with β-TCP, significant changes in 

solution was prepared in 2% (v/v) acetic acid, stirred at 
500 rpm for 2 hours [18]. Both solutions were prepared 
at room temperature (26 ± 1 °C). Subsequently, the 
PCL and chitosan solutions were combined in volume 
ratios of 100:0, 80:20, 70:30, and 60:40 (PCL/Chitosan) 
and incubated for 72 hours [16]. This process ensured 
uniform dispersion of chitosan within the PCL solution, 
resulting in an immiscible PCL/Chitosan polymer blend, 
which was later utilized for electrospinning.

Electrospinning
The PCL/Chitosan polymer blend solution was loaded 
into a 3 mL plastic syringe equipped with a needle tip 
of 0.56 mm in diameter for the electrospinning process 
[19]. The solution was delivered at a flow rate of 0.1 
mL/h via a syringe pump. A voltage of 22 kV was 
applied to the tip of the needle, with a separation of 10 
cm maintained between the needle and the collector. 
Nanofibers were deposited onto a flat aluminum plate. 
The process was carried out at room temperature 
(25 ± 1 °C) with a controlled humidity of 45%. The 
electrospinning process lasted for 3 to 4 hours [19]. 
Afterward, the sample was cut into 1 cm × 1 cm squares 
for further characterization, including SEM, FTIR, and 
water contact angle measurements.

Surface Modification of Nanofiber
The fabricated PCL/Chitosan nanofiber was then 
subjected to a surface modification process with β-TCP. 
The β-TCP solution was prepared by dissolving the 
β-TCP sintered powder (1wt%) in double distilled water 
at room temperature and stirring at 500 rpm for 5 min. 
Then, dip the PCL/Chitosan nanofiber inside   β-TCP 
solution for 20 minutes and stir it moderately using a 
magnetic stirrer [16]. The coated nanofibers produced 
(PCL/CS/β-TCP) were then washed with distilled water 
to remove the loosely bound β-TCP and dried overnight 
inside a dessicator [20].

SEM Analysis
The nanofiber samples were prepared by cutting each 
sample into 0.5 × 0.5 cm2 and the samples were 
coated with platinum using a sputter coater. Sputter 
coating is important step before conducting SEM to 
minimize the electric charging of the samples and to 
achieve the highest image quality possible. The sample 
morphology was examined using a scanning electron 
microscope (SEM, Hitachi TM3000, Japan) operated at 
an accelerating voltage of 15 kV, with magnifications set 
to 1000x, 3000x, and 5000x [21].

FTIR Analysis
Before FTIR, the nanofibers were cut into a small piece 
with a dimension of 5x5 cm². Next, FTIR was conducted 
using FTIR spectroscopy (Frontier Spectrometer, 
PerkinElemer, UK), throughout a wavenumber range of 
4000 to 650 cm-1.

Fig. 1 SEM images of (a-b) PCL, (c-d) PCL/Chitosan (80:20), (e-f) 
PCL/Chitosan (70:30) and (g-h) PCL/Chitosan (60:40) electrospun 
nanofibers at x3k and x5k magnification respectively.
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Table I: Average diameter of electrospun nanofibers.

Nanofibers Average Diameter (nm)

PCL 1618.44 ± 614.02

PCL/Chitosan (80:20) 1061.10 ± 369.83

PCL/Chitosan (70:30) 704.47 ± 198.56

PCL/Chitosan (60:40) 1155.77 ± 411.53

PCL/Chitosan/β-TCP 803.93 ± 310.50

Fig. 2 SEM images of PCL/Chitosan (70:30)/β-TCP electrospun 
nanofiber at (a) x1k and (b) x5k magnification.

surface morphology was observed as shown in Fig. 2. 
Using ImageJ software, 100 measurements of the fiber’s 
diameter from each sample image were taken to find 
the average diameter of the nanofiber as shown in Table 
1. Pure PCL nanofibers exhibited the largest average 
diameter of 1618.44 nm. Introducing chitosan into the 
PCL matrix resulted in a significant reduction in average 
diameter. The PCL/Chitosan (80:20) sample had an 
average diameter of 1061.1 nm, while the PCL/Chitosan 
(70:30) sample had the smallest diameter at 704.47 
nm, indicating the formation of finer fibers. Conversely, 
the PCL/Chitosan (60:40) sample showed an increased 
average diameter of 1155.77 nm, although still smaller 
than the pure PCL fibers.

Fig. 3 FTIR spectra of PCL, PCL/Chitosan (70:30) and PCL/Chitosan 
(70:30)/β-TCP electrospun nanofibers.

Fig. 4 Water contact angle for (a) PCL, (b) PCL/Chitosan (70:30) and 
(c) PCL/Chitosan (70:30)/βTCP electrospun nanofibers.

The PCL/Chitosan blend retains these peaks and adds 
peaks at 1552 cm⁻¹ (N-H bend) and broadens some 
peaks due to interactions between PCL and chitosan. 
The WCA measurements for the PCL, PCL/Chitosan, 
and PCL/Chitosan/β-TCP nanofibers showed significant 
differences in their surface wettability. Fig. 4 below 
shows the average measurement of water contact angle 
for PCL, PCL/Chitosan and PCL/Chitosan/βTCP. 
The pure PCL nanofibers exhibit a contact angle of 
110.6°, which indicates a relatively hydrophobic 
surface. Whilst, further modification of the PCL/Chitosan 
nanofibers with β-TCP results in an even lower contact 
angle of 64.9°.

DISCUSSION

Pure PCL nanofibers exhibit a highly porous, 
interconnected network with smooth surfaces and some 
variations in fiber diameter. When chitosan is added at 
different ratios (80:20, 70:30, and 60:40), the nanofibers 
maintain their porous structure, but the addition of 
chitosan introduces slight variations in fiber (70:30) 
formulation stands out with a highly interconnected, 
porous network, smooth fiber surfaces, and minimal 
irregularities, ensuring a robust and cohesive structure, 
which is essential for applications requiring high 
porosity and structural integrity. The analysis concluded 
that the 70:30 PCL/Chitosan blend ratio produced the 
finest nanofibers, with an average diameter of 704.47 
nm, which falls within the desirable nanoscale range for 
mimicking the extracellular matrix (ECM) of bone tissues 
which is typically between 10 and 1000 nm [10,22]. 
Previously, the optimal 70:30 PCL/Chitosan formulation 
have been reported as the ideal nanofibers formulation 
for various applications [23-25].

Following the determination of the optimal 70:30 PCL/
Chitosan formulation, the nanofibers were coated with 
β-TCP to enhance their properties. Upon coating the 
PCL/Chitosan (70:30) nanofibers with β-TCP, significant 
changes in surface morphology were observed. The 
coated nanofibers display a rougher surface texture, 
increased fiber diameter, and a non-uniform distribution 
of β-TCP particles, which enhance surface roughness. 
Despite these modifications, the fibrous network remains 
interconnected and porous, with distinct junctions and 
intersections enhancing the overall porosity of the 
nanofiber mat. The coating material adheres well to 
the fibers, although the distribution is uneven, leading 

Fig. 3 shows the FTIR spectra of PCL, PCL/Chitosan, 
and PCL/Chitosan/β-TCP electrospun nanofibers show 
distinct peaks indicating their chemical structures. 
Pure PCL exhibits peaks at 2939 cm⁻¹ (C-H stretch), 
1724 cm⁻¹ (C=O stretch), 1368 cm⁻¹ (C-H bend), 1170 
cm⁻¹ (C-O-C stretch), and 1047 cm⁻¹ (C-O-C stretch). 
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hydrophilic properties due to the presence of amino 
and hydroxyl groups that enhance water interaction. 
Consequently, the PCL/Chitosan blend displays 
improved wettability compared to pure PCL [32].

Further modification of the PCL/Chitosan nanofibers 
with β-TCP results in an even lower contact angle 
of 64.9°. This substantial decrease suggests that the 
β-TCP coating enhances the surface hydrophilicity of 
the nanofibers. The presence of β-TCP, a bioceramic 
known for its hydrophilic nature, likely contributes to 
this improved wettability. The lower contact angle 
indicates that water droplets spread more easily on the 
surface of the PCL/Chitosan/β-TCP nanofiber, making 
them more hydrophilic than both the uncoated PCL 
and PCL/Chitosan nanofibers. The enhanced surface 
hydrophilicity of PCL/Chitosan/β-TCP nanofiber can 
consequently promote the adsorption of cell-adhesive 
proteins, improving integrin-mediated cell-surface 
interactions and cell adhesion, which in turn boosts 
bone regeneration by facilitating osteoblast attachment 
and proliferation [9]. 

These findings proved a successful integration of β-TCP 
into PCL/Chitosan nanofiber and due to its improved 
structural properties. Furthermore, previous integration 
of β-TCP with various type of PCL polymer scaffolds 
have shown promising bioactivity properties such as 
cytocompatibility, osteoinductivity, histocompatibility, 
cell differentiation and mineralization [9,15,33]. 
Therefore, PCL/Chitosan/β-TCP nanofibers represent a 
promising candidate for bone scaffold applications. 

CONCLUSION

In conclusion, this study found that the best formulation 
of fabricating PCL/Chitosan nanofiber is 70:30 as the 
SEM observation shown that the PCL/Chitosan (70:30) 
nanofiber exhibited smallest diameter at 704.47 nm 
which are closely mimicked the bone ECM compared with 
other mix ratio. Furthermore, the surface modification of 
the PCL/Chitosan (70:30) with β-TCP further enhancing 
the morphology of the nanofiber. SEM analysis showed 
the modified PCL/Chitosan nanofiber with β-TCP had 
enhanced the nanofiber’s roughness morphology which 
lead to a greater surface area and consequently create 
more sites for cell growth. In addition, the decreasing 
of WCA measurement of the modified PCL/Chitosan 
nanofiber to 64.9° indicated an improved wettability 
which give advantage to enhance the nanofiber’s 
capacity to support cell growth by enhancing protein 
adsorption. Lastly, FTIR analysis confirm the successful 
incorporation of chitosan and β-TCP into the PCL matrix, 
indicated by characteristic peaks for C-H, N-H, C=O, 
C-O-C, and PO₄³⁻ groups. These findings indicated 
that the PCL/Chitosan nanofiber had been successfully 
modified by β-TCP and highlighted that the potential of 
surface modified PCL/Chitosan nanofiber with β-TCP 
as a promising scaffold material for BTE, offering a 

to variations in surface texture. This enhanced surface 
characteristic suggests the coated nanofibers are suitable 
for bone scaffold applications, combining structural 
integrity with improved surface properties. Furthermore, 
the enhanced surface roughness can also lead to a 
greater surface area and increased polarity, which 
may create more sites for cell growth and improve cell 
adhesion [26].

The β-TCP coating process resulted in a slight increase 
in the average diameter to 803.93 nm, indicating the 
addition of a layer to the nanofibers while maintaining a 
relatively fine structure compared to pure PCL and other 
chitosan ratios. The increase in diameter was due to the 
deposition of β-TCP particles onto the nanofibers surface 
during the surface modification process. To support the 
finding, porosity of both coated and uncoated PCL/
Chitosan nanofibers were evaluated by using ImageJ 
software. The average porosity for 4 of the regions of 
interest (ROI) from the SEM image were calculated. 
The analysis revealed that the uncoated PCL/Chitosan 
nanofibers had an average porosity of 22.63%. In 
contrast, the PCL/Chitosan nanofibers coated with β-TCP 
exhibited a significantly lower porosity of 18.39%. The 
incorporation of β-TCP particles into the PCL/Chitosan 
nanofiber during the surface modification process can 
result in the deposition of these particles both on the 
surface and within the pores of the nanofibers. This 
deposition can lead to the partial or complete filling of 
the pores, thereby reducing the overall porosity [27]. 
Additionally, the interaction between the PCL/Chitosan 
polymer matrix and the β-TCP particles may cause the 
nanofibers to swell. This swelling effect can further 
reduce the pore size, ultimately resulting in a lower 
porosity percentage. 

FTIR spectra of PCL, PCL/Chitosan, and PCL/Chitosan/
β-TCP electrospun nanofibers show distinct peaks 
indicating their chemical structures. The PCL/Chitosan/
β-TCP composite shows all these peaks plus additional 
peaks at 1047 cm-1 and 735 cm-1 indicating the presence 
of phosphate groups from β-TCP, confirming the effective 
incorporation of β-TCP within the nanofiber framework. 
Similar phosphate peaks near 1040cm-1 and 560–610 
cm-1 have been previously reported as characteristic of 
β-TCP in composite scaffolds [28-30].

The WCA measurements for the PCL, PCL/Chitosan, 
and PCL/Chitosan/β-TCP nanofibers showed significant 
differences in their surface wettability. The pure PCL 
nanofibers exhibit a contact angle of 110.6°, which 
indicates a relatively hydrophobic surface. This high 
contact angle suggests that water droplets do not spread 
easily on the surface, reflecting the inherent hydrophobic 
characteristics of PCL [31]. When chitosan was added to 
the PCL matrix, the contact angle decreased significantly 
to 84.4°. This reduction in contact angle indicates an 
increase in hydrophilicity, which can be attributed 
to the presence of chitosan. Chitosan is known for its 
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biomimetic structure that supports cell attachment, 
growth, and osteogenesis.
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