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Abstract: Surface modifications and implant coatings are implemented to 
control the contact between an implant material and a corrosive medium, which 
can delay the onset of damage and improve the implant performance, such as 
osseointegration acceleration. There are several limitations associated with 
surface modification, including low porosity, slow fibre production rate, high 
production cost, and complexity in the production process. Therefore, this 
study concentrated on modifying the surface of metal implant materials using a 
spray method to overcome those limitations and to obtain the porous nanofibre 
morphology with high coating adhesion property. A spray method was used to 
form a nanofibre polycaprolactone (PCL)/hydroxyapatite (HA) composite 
coating. The composite solution was sprayed onto the substrate surface with 
variations in air pressure of 350 and 450 kPa, with a distance between the 
nozzle and the substrate from 10, 15, 20, 25, 30, to 35 cm. 

Keywords: spray coating; nanofibre; polycaprolactone; PCL; hydroxyapatite; 
bone integration. 
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1 Introduction 

Various fabrication technologies have been used to produce and form an ideal coating on 
bone implants (Rajzer, 2014). Modifying the implant and coating surfaces is mainly 
intended to improve implant performance and biological interaction between the implant 
and physiological bone surrounding, thus sustaining the implant’s success rate 
(Mandracci et al., 2016; Zhang et al., 2014). In addition, surface modification and 
implant coating have roles in preventing implant corrosion and delaying the onset of 
damage (Agarwal et al., 2016; Smith and Lamprou, 2014). An ideal implant coating 
should adapt specific tissue engineering properties to integrate well with bone tissues 
where a fibre-based structure has been recognised to imitate most extracellular matrix 
(ECM) (Yue, 2014). Some important factors which influence bone cell behaviour and 
new tissue formation are the coating morphology, associated with porosity and pore size 
of the coating (Pooshidani et al., 2021). Small pore size can limit cellular infiltration 
(Catauro et al., 2014), while large porosity will affect cell penetration and attachment 
(Rajzer, 2014). The interconnected porous network is essential for cell survival, 
migration, and tissue regeneration (Pooshidani et al., 2021). 

Fabrication technologies that are widely used to produce porous polymer coating on 
implants are sol-gel (Catauro et al., 2014), dip coating (Catauro et al., 2017), 
electrospinning (Kohse et al., 2018), electrophoretic deposition (Razavi et al., 2015), 
laser spallation (Karthika et al., 2015), sputter coating (Boyd et al., 2015), and spray 
coating (Schlaich et al., 2018) techniques. Recently, electrospinning nanofibres have been 
extensively investigated for the fabrication of composite nanofibres, which contain 
bioactive molecules to meet bone tissue requirements (Rajzer et al., 2014). However, the 
main limitation of the electrospinning method is low porosity (Pooshidani et al., 2021). 
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Electrospinning is also limited by the slow rate of fibre production and the need for a 
high voltage power source, which adds to the cost and complexity of the production 
process (Abdal-Hay et al., 2013b). 

Abdal-Hay et al. (2013b) developed a new strategy for the manufacture of  
micro-nano scale fibre scaffolds in a simpler, effective, and low-cost process using an  
air-jet spinning. This fabrication technology is classified as a spraying method  
(Abdal-Hay et al., 2014, 2013b). Spraying methods can be applied to large-scale 
production by forming thin coating layers (Abdal-Hay et al., 2013b). Importantly, it 
allows the formation of coating polymers at room temperature without disrupting and 
denaturing the molecular bonds where most biomolecules, antimicrobials, and drugs are 
categorised as polymers (Catauro et al., 2015; Himma et al., 2017; Vital et al., 2017; 
Zoolfakar et al., 2017). Therefore, in this study, a spraying method is used to modify the 
surface of metallic implant for the production of nanofibre morphology where the 
composition of spray materials was set to polycaprolactone (PCL) and hydroxyapatite 
(HA), to improve the biological properties of the metallic implant for better 
osseointegration. 

The use of PCL as a coating matrix for biomedical applications is widely approached 
due to its biocompatibility and biodegradability (Zirak Hassan Kiadeh et al., 2017). PCL 
is a group of polymers, also known as semi-crystalline aliphatic polyesters, that has been 
approved by The United States Food and Drug Administration (US-FDA), to be used in 
the human physiological environment (Nithya and Meenakshi Sundaram, 2015). 
However, PCL also has limitations in functionally enhancing cell attachment and 
proliferation (Ghosal et al., 2017). Incorporating bioactive components or compounds is 
necessary to improve the biological function of PCL. In bone implant application, 
inorganic bone components such as HA have a highly promising value to support cell 
attachment and proliferation while providing a better interface for bone integration 
(Bianco et al., 2009). HA itself is considered as an ideal bioactive material and has the 
ability to bind aggressively with the bone due to its calcium and phosphorus composition 
that mimicking the ECM of bone (Abdal-Hay et al., 2013a). The addition of HA into PCL 
sprayed coating is a convenient candidate for metal implant materials that will increase 
the biological interaction of the coating. 

In this study, the PCL/HA sprayed coatings were formed at different spraying 
distances and pressures on stainless steel 316L (SS316L). The composition of the 
PCL/HA coatings was identified with attenuated total reflectance-Fourier transform 
infrared spectroscopy (ATR-FTIR) and X-ray diffractometer (XRD). The coating’s 
morphology was viewed under scanning electron microscopy (SEM) with the conduction 
of porosity measurement and coating adhesion analyses. 

2 Materials and methods 

2.1 Materials 

Metal plates of SS316L were cut into square dimensions of 10 mm × 10 mm × 3 mm and 
polished with abrasive papers #grit 1200. The SS316L plates were then air cleaned with a 
compressor and further ultrasonically cleaned in ethanol for 30 minutes. The metal plates 
were immersed in distilled water to remove surface dirt and finally dried for the coating 
process. 
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PCL pellets (Mw = 40,000) were purchased from Hunan Juren Chemical 
Hitechnology Co., Ltd., China to be used as the main material for the coating matrix. 
While HA (99% pure) from Haihang Industry Co., Ltd., China was used as an additive 
component to enhance the bioactivity and biological functions of the coating. 
Dichloromethane (DCM) was purchased from Junsei Chemical Co., Japan, with 99.5% 
purity and was used as the solvent for coating solution. 

2.2 Fabrication of PCL/HA nanofibrous spray coating 

Experimental setup of spray coating (Double Action Airbrush – H&L Airbrush Pen Kit 
EW-440B, China) was done as shown in Figure 1 by modifying existing methods 
(Ballarre et al., 2020; Abdal-Hay et al., 2017, 2014, 2013b) for the deposition of PCL/HA 
nanofibrous coating. The coating solution was made from 10 mL of DCM at a 
concentration of 99.5% and 1 gram of PCL, while the dissolved HA was 5% (wt.%) of 
the PCL weight. The first step is to dissolve the HA powder in 10 mL of DCM while 
stirring for 10 minutes. Then the PCL pellet was added to the solution while stirred 
rapidly for 30 minutes at 40oC. This composite solution was sprayed onto the cleaned 
SS316L substrate surfaces at two variations of spray pressure (A = 350 kPa and  
B = 450 kPa). The spray distance between the nozzle and the metal substrate was 
adjusted from 10, 15, 20, 25, 30, to 35 cm. The PCL/HA coating was made layer by layer 
with the parameters mentioned above, followed by the drying process at room 
temperature for 48 hours. 

Figure 1 Schematic diagram of the spray coating fabrication process (see online version  
for colours) 

 

2.3 Porosity test 

The porosity percentage was calculated using a liquid displacement method (Pooshidani 
et al., 2021). In this method, ethanol was used as the displacement liquid due to its ability 
not to dissolve or swell the composite coating. Ethanol is a non-polar liquid that does not 
interfere with polymer fibres and will easily penetrate into the nanofibre coating and 
occupies all coating pores, giving the total volume of the pores (Pooshidani et al., 2021). 
The PCL/HA coated metal substrate was first weighted prior to the immersion in ethanol. 
The coated metals were then immersed in ethanol for 300 seconds. They were collected 
and subjected to weight measurement. The porosity percentage was calculated based on 
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equation (1) where ma, mp, ρa, and ρp are saturated mat mass, dry mat mass, liquid density 
(ethanol), and polymer density, respectively (Pooshidani et al., 2021). 

( )
( )(%) 100a p a

a p a p p

m m ρ
P

m m ρ m ρ
−

= ×
− +

 (1) 

2.4 Surface characterisations 

The size, distribution, and morphology of the nanofibre coating were observed by SEM 
(SEM-EDS, JEOL-6510 LA, Japan) at 10 kV accelerating voltage, and 10,000× 
magnifications. The SEM images were analysed using the J-NIH image software  
(Image J, National Institutes of Health, USA) to determine the fibre mean diameter and 
coating thickness based on the black and white intensity mapping. 

The chemical composition and crystalline properties of the PCL/HA nanofibre 
coating were confirmed by wide angle XRD (Rigaku Dymax, Japan) with Cu-Kα 
radiation at 40 kV and 200 mA, with a step size of 0.02°. The XRD scanning was 
performed in the 2θ range between 10°–50° at a scan speed of 4°/min. The FTIR (Perkin 
Elmer, USA) was also used to identify the functional groups of the PCL/HA nanofibre 
coating. The scanning was made in the wavelength range of 750 to 4,500 cm–1. 

2.5 Coating adhesion test 

The adhesion of the PCL/HA nanofibre coating on the metal substrate was evaluated 
through a peel test using a universal testing machine (Gotech GT-7001-LC30, Taiwan) at 
five times a repetition. The device was setup by retaining the tape at an angle of 90° due 
to very thin coating film. The adhesion test was conducted at a constant speed of  
9 ± 0.5 mm/s and at an angle of 90 degrees according to ASTM D3330 (2018). 

3 Results 

3.1 Fabrication and characterisation of nanofibre coating 

The nanofibre PCL/HA coatings at different spray pressures and distances were 
successfully deposited by the spray coating technique. The porosity measurement by the 
liquid transfer method is listed in Table 1. The porosity percentages were obtained in a 
range from 4.1 ± 0.3% to 9.4% ± 0.6%. Increasing the spray distances from 10 cm to  
35 cm roughly reduced the porosity percentages. Similarly, to the increment of spray 
pressure where higher pressure of 450 kPa has reduced the porosity percentages 
compared to the 350 kPa. 

The morphology and porosity of the nanofibre coatings were verified using SEM, as 
shown in Figures 2 and 3. The micro and nanofibrous structures represent highly porous 
cavities with an average diameter of 184.6 ± 40.7 nm to 1843.5 ± 507.6 nm, as listed in 
Table 1. 

A specific trend was noticed in the variation of fibre diameter at different spray 
pressures and distances. The fibre diameter was known to be smaller when the pressure 
distances increased from 10 cm to 25 cm for both spray pressures. Increasing the 
distances to 35 cm has generated a bigger fibre diameter. The coating thickness for the 
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PCL/HA nanofibre coatings was also measured and was found to be between  
266 ± 61 µm and 646 ± 104 µm. Greater distances and pressures have produced thinner 
coating. 
Table 1 Porosity percentages, fibre diameter, and coating thickness of PCL/HA nanofibre 

coatings at different spraying pressures and distances  

Sample* Porosity (%) Diameter (nm) Thickness (μm) 
A10 9.2 ± 1.1 479.8 ± 95.1 646 ± 104 
A15 7.6 ± 1.3 329.0 ± 27.0 612 ± 77 
A20 9.4 ± 0.6 387.2 ± 29.4 444 ± 75 
A25 6.3 ± 0.8 184.6 ± 40.7 266 ± 61 
A30 4.1 ± 0.3 576.4 ± 21.4 407 ± 117 
A35 5.1 ± 0.3 1,320.6 ± 97.4 489 ± 113 
B10 8.4 ± 1.9 335.3 ± 60.9 511 ± 41 
B15 4.6 ± 1.0 1,272.5 ± 208.8 474 ± 77 
B20 6.4 ± 0.3 243.3 ± 70.2 436 ± 14 
B25 4.9 ± 0.2 426.8 ± 64.1 407 ± 123 
B30 5.2 ± 0.5 1,843.5 ± 507.6 389 ± 23 
B35 5.4 ± 0.5 1,090.7 ± 158.8 378 ± 49 

Notes: *Data are shown as mean with standard deviation (x ± SD). Letter ‘A’ indicates 
the pressure parameter of 350 kPa, and letter ‘B’ indicates the pressure parameter 
of 450 kPa. The distance parameters were 10, 15, 20, 25, 30, and 35 cm. 

Figure 2 SEM images of nanofibre PCL/HA coatings at pressure and distance parameters of  
(a) A10, (b) A15, (c) A20, (d) A25, (e) A30, and (f) A35 

 
(a) (b) (c) 

 
(d) (e) (f) 

Note: Letter ‘A’ indicates the pressure parameter of 350 kPa, and the distance parameters 
are 10, 15, 20, 25, 30, and 35 cm. 



   

 

   

   
 

   

   

 

   

   62 A.K. Nasution et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 3 SEM images of nanofibre PCL/HA coatings at pressure and distance parameters of  
(a) B10, (b) B15, (c) B20, (d) B25, (e) B30, and (f) B35 

 
(a) (b) (c) 

 
(d) (e) (f) 

Note: Letter ‘B’ indicates the pressure parameter of 450 kPa, and the distance parameters 
are 10, 15, 20, 25, 30, and 35 cm. 

The XRD profiles of pure HA powders, pristine PCL nanofibres, and PCL/HA nanofibre 
coating are shown in Figure 4(a). High reflection peaks of the HA powders at 2θ = 25.7°, 
31.7°, 32.8°, and 39.7° are seen in the XRD spectrum, which confirmed the presence of 
HA composition. When compared to the pristine PCL nanofibres, there are two peaks 
that were equal to PCL fingerprints at 21.5° and 24.5°. While for the PCL/HA nanofibre 
coatings, both peaks of PCL and HA were found at 21.5°, 24.5°, 28.5°, 30.5°, 35.5°, and 
41.5°, which could be attributed to the characteristics of the diffraction angles. Those 
peaks clarified the composition of crystalline PCL and HA in the PCL/HA coating as 
sharp peaks were visualised on the XRD spectrum. 

Figure 4(b) shows the FTIR spectra of the HA powders, PCL nanofibres, and 
PCL/HA nanofibre coating. The presence of HA in the HA powders and PCL/HA coating 
is shown through a wide FTIR band centred around 1,000–1,100 cm–1, which was 
identified as –PO and –CO bands of non-stoichiometric apatite. In addition, the peaks at 
1,420 and 1,460 cm–1 were associated with the –OH band, while the carbonyl group 
(C=O) extended at 1,724 cm–1. The C–H stretching was also observed at 2,945 and  
2,866 cm–1. 

3.2 Mechanical properties 

The mechanical performances of the PCL/HA nanofibre coating fabrication are 
represented in Figure 5 on the smallest order of three fibre diameters. The results of the 
peel adhesion test was increased from 57.3 N ± 12.7 N to 161.0 N ± 65.2 N when the 
spray pressures and distances changed from 350 kPa; 15 cm to 450 kPa; 20 cm. 
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Figure 4 (a) X-RD profiles and (b) FTIR spectra of the composite PCL/HA coatings (see online 
version for colours) 
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Figure 5 (a)–(c) Representative curves of adhesion tests on PCL/HA nanofibre coatings, and  
(d) force-displacement curve from peel tests on A15, A25 and B20 (see online version 
for colours) 
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Figure 5 (a)–(c) Representative curves of adhesion tests on PCL/HA nanofibre coatings, and  
(d) force-displacement curve from peel tests on A15, A25 and B20 (continued)  
(see online version for colours) 

 

4 Discussion 

The coating technique with the spray method is usually used in coating medical devices 
because of the ease of processing and homogeneous coating (Horprasertkij et al., 2019). 
This study is the use of the spray method for the fabrication of nanofibre PCL/HA 
composite coating. The results showed that the PCL/HA composite coating with 
variations in fibre diameter (Table 1) revealed that most of the fibres were between 184.6 
and 479.8 nm, with the highest frequency occurring in the 300 nm range for PCL/HA 
nanofibres. For a pressure variation of 350 kPa, it is recommended to use a distance of  
15 to 25 cm, while for a pressure of 450 kPa, it is recommended to use a distance of  
20 to 25 cm. The results obtained confirm the general view that the coating technique by 
the spray method makes it possible to get a nano-sized fibrous coating with a network of 
interconnected pores. Our results are similar to those reported by Abdal-Hay et al. (2017) 
wherein they observed the formation of PCL and PA-6 fibrous scaffolds. These findings 
are consistent with those previously reported by Abdal-Hay et al. (2014) who observed 
the formation of a pure PCL fibrous scaffold having a web-like structure. 

Porosity is an important requirement in making network engineering constructions. 
Porosity is one of the factors affecting the biological performance of cell adhesion and 
proliferation (Hasan et al., 2014). The results obtained confirm the general view that the 
spray coating technique makes it possible to get nanofibre PCL/HA composite coating 
with a porous network. The results show that the PCL/HA composite coating with 
various percentages of porosity is in the range of 4.1% to 9.4%, with the highest 
frequency occurring at 5% for PCL/HA nanofibres. The resulting porosity percentages 
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were not significantly different because the composition of the PCL/HA composite 
solution did not differ. Pooshidani et al. (2021) revealed in their research that to get the 
desired percentage of porosity, it was done by giving different compositions to the 
electrospinning of the polyethylene oxide (PEO) sacrificial material. Care should be 
taken in making tissue engineering constructions where high porosity has the potential to 
improve biological function (Abdal-Hay et al., 2017), but on the other hand, higher 
porosity is responsible for lower tensile strength (Rajzer, 2014) and Young’s modulus 
(Hasan et al., 2014). 

Surface modification through coating can change the cytocompatibility and corrosion 
resistance properties of implant materials (Asri et al., 2017). It is not explained in detail 
how the thickness of the spray coating on the implant material only mentions that the 
effect of the thickness of the coating is correlated with the consumption of the material. 
Meanwhile, Luangkularb et al. (2014) stated that the efficiency of the spray coating 
process was identified based on material consumption and thickness. 

The obtained XRD spectra showed associated crystal peaks for PCL of 21.5° and 
24.5°, with crystal structures (110) and (200), respectively, and these were similar to 
those reported in previous studies for the crystalline behaviour of PCL scaffolds 
(Augustine et al., 2014; Kim et al., 2004). While the crystal peaks at 2θ = 25.7°, 31.7°, 
32.8°, and 39.7° are shown in Figure 3(a), which confirms the presence of the HA 
structure (Kim et al., 2004). Thus, the crystalline phase did not show any specific change 
in the case of PCL/HA composite coatings using spray processing parameters. 
Meanwhile, Kim et al. (2004), in their study, said there were no other peaks or peak shifts 
in the composite, indicating that no chemical reaction occurred. Similar results in the 
study of Linh, NTB., et al., which retain the respective crystal structures shown during 
the electrospinning process of nHA loaded in PCL fibres (Ba Linh et al., 2013). 

FTIR analysis showed corresponding bands of HA and PCL materials were observed 
in the spectrum, confirming that no chemical reaction took place between the components 
of the mixture. The C=O, C-O, and C=H bands are associated with PCL (Rezk et al., 
2019; Entekhabi et al., 2016), while the P-O and O-H bands are associated with HA  
(Li et al., 2018; Hasan et al., 2014; Rezaei and Mohammadi, 2013). The same result was 
confirmed by Rajzer (2014) against the successful incorporation of n-HAp particles into 
nano and micro-fibrous scaffolds. No difference in the FTIR spectrum from the study 
conducted by Li et al. (2018) for the presence of HAp nanoparticles in PCL nanofibres. 

Figure 5 shows a representative curve of the adhesion strength of the PCL/HA fibrous 
composite coating on the surface of the SS 316 substrate determined from the  
load-displacement curve. The value of the adhesive strength of the composite coating 
shown in Figure 5(a) seems to fluctuate when compared to Figures 5(b) and 5(c), which 
have more stable adhesion. The fluctuations in the adhesive power of the composite 
coating are thought to be from the evenness of the coating and the size of the pores 
formed so that it can reduce the adhesion of the porous composite coating. This is the 
same as the explanation of Wong et al. (2008) studied the effect of plastic deformation on 
peel strength on variations in PCL laminate thickness, which stated that increasing the 
laminate thickness would increase the measured peel strength. 
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5 Conclusions 

This paper presented a study that resulted in the nanofibre PCL/HA composite coating 
was successfully formed using the spray method. The optimum parameters were recorded 
at the pressure of 450 kPa and the distance between the nozzle and the substrate of 20 cm. 
These parameters resulted in nanofibre diameter and porosity of 243.3 ± 70.2 nm and  
6.4 ± 0.3%, respectively. The thickness of the PCL/HA nanofibre layer is strongly 
influenced by the volume of the composite solution. FTIR analysis found that no 
chemical reaction took place between the components of the mixture. The optimum 
peeling adhesion for the PCL/HA nanofibre coating was obtained at 161.0 N ± 65.2 N. 
This work suggests the ability of the spray method to form a porous nanofibre coating on 
metallic implant materials. 
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