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Robust Hydroxyapatite Coating by Laser-Induced 
Hydrothermal Synthesis
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Owing to enhanced biocompatibility and osseointegration, hydroxyapatite 
(HAp) coatings are often applied to biomedical devices that are implanted 
directly on the bone. Although various HAp coating techniques have been 
developed, they are restricted due to the time-consuming HAp synthesis and 
additional coating processes. Herein, the development of a rapid single-step 
method for simultaneous synthesis and coating of HAp via nanosecond laser 
surface treatment is described. In the conventional HAp-coating method, 
the resulting interface between the HAp layer and the base material is 
clearly distinguished. However, in this method, HAp synthesis and coating 
occur simultaneously via the melting of the base material (i.e., titanium, 
polyetheretherketone, and polycaprolactone) to form a gradient HAp-base 
material composite coating layer. The resultant coating layer on a titanium 
surface exhibits a binding force of 31.7–47.2 N, which is sufficient for medical 
implant applications. Changing the laser irradiation conditions provides 
quantitative adjustment of the HAp formation process and coating layer 
thickness. Furthermore, the resulting HAp coating layer better facilitates the 
attachment of bone cells. These results offer a breakthrough in the surface 
treatment of bone-bonding sites of metal and polymer biomedical devices.
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1. Introduction

Titanium-based bone fixation devices are 
commonly used to treat broken bones in 
the human body[1–3] due to its excellent 
mechanical properties and biocompat-
ibility.[4,5] To further enhance the osteocon-
ductive properties, titanium is normally 
coated with hydroxyapatite (HAp), which 
is an inorganic component of bones.[6–9] 
HAp-coated materials tend to show better 
biocompatibility, bone-forming ability, and 
osteoconductivity when compared to mate-
rials without a HAp coating.[10–13] Various 
HAp coating methods, such as sol–gel 
coating,[14–16] dip coating,[17,18] electrochem-
ical deposition,[19,20] electrophoretic depo-
sition,[21,22] plasma spraying,[23,24] sputter 
coating,[25,26] hot isostatic pressing,[27–29] 
and biomimetic coating,[30,31] have been 
developed in the past. However, most of the 
existing methods require a separate syn-
thesis process for HAp coating.[32,33] Sol–
gel, dip, and biomimetic coating methods 
do not require the preliminary synthesis 

process, but they require time-consuming reactions that last for 
several days,[14,17,30] and are difficult to use in clinical practice due 
to their poor coating adhesion strength.[33–35] Attempts have been 
made to create HAp coatings using lasers such as pulsed laser 
deposition; however, they required a separate HAp synthesis 
either using a HAp plate as a target[36–39] or by laser soldering of 
sprayed HAp powder on the surface.[40,41] The pulsed lasers may 
also provide a heat source in the hydrothermal process, which is 
widely used in nanowire[42] and nanorod[43] synthesis processes. 
A few studies have tried to synthesize and form HAp nuclei 
using laser-based hydrothermal process; however, these pro-
cesses were not applicable for medical implants due to the poor 
binding strength of the coating layer.[44–46] In this study, we intro-
duced a method of simultaneous synthesis and coating of HAp 
in a single process to form a HAp–substrate mixed molten layer 
in which HAp penetrates into the substrate. This coating method 
involves irradiating laser pulses onto an immersed metallic or 
polymeric specimen in a precursor solution containing calcium 
and phosphoric acid, the synthesis of HAp from the solution 
containing calcium and phosphate ions, and the formation of 
the coating layer due to surface melting occurred simultaneously 
on the laser-treated surface. By controlling the laser irradiation 
conditions, different amount and thickness of the HAp coating 
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was observed. More importantly, the HAp layer formed by the 
laser-induced single-step coating (LISSC) process exhibits a high 
coating strength that is sufficient for medical use.[47,48]

2. Results and Discussion

2.1. HAp Synthesis and Coating in a Single-Step Process  
Using the Nanosecond Laser

HAp synthesis and coating were realized in a single-step process 
by immersing a titanium alloy (Ti–6Al–4V)  in a modified apatite 
coating solution (MACS) containing calcium and phosphoric acid 
(Table S1, Supporting Information) and then irradiating nano-
second laser pulses on the titanium surface (Figure  1a–c, and 
Movie S1, Supporting Information). When the laser power density 
was varied in the range of 0.1–3539 W mm–2, we observed that the 
surface melting started at 100 W mm–2 or more (Figure S1, Sup-
porting Information). The synthesized HAp was observed when 
the laser power density was higher than 1770 W mm–2, with the 
number of loops (L) as 75 or higher (Figure  1d–e). The amount 
of HAp formed on the surface was controlled by the power and 
L of the laser using this tendency. We compared the synthesized 
HAp layers formed by LISSC with laser powers (P) of 5 and 10 W 
and L of 75 and 100. The HAp covering areas at different P and 
L combinations were 14.5 ± 9.4% (P5-L75), 64.6 ± 5.1% (P5-L100), 
80.2 ± 6.0% (P10-L100), and 98.2 ± 1.1% (P10-L100) (Figure 1f and 

Figure S2, Supporting Information). At P = 10 W, the HAp layer 
was generated even when L was 50 (Figure  2). Thin-film X-ray 
diffraction (XRD) pattern analysis showed that the coating layer 
matched well with Ca10(PO4)6(OH)2, which is the HAp phase[49] 
(JCPDS 09–0432). Additionally, the coating layer was scraped off 
and analyzed in a powdered state, which also showed the HAp 
phase (Figure 2a and Figure S3, Supporting Information). For both 
P10-L50 and P10-L100, the calcium–phosphate ratio was approxi-
mately 1.64 ± 0.04 and 1.65 ± 0.07 in energy-dispersive X-ray (EDX) 
analysis, and 1.6732  ± 0.0055 and 1.6663  ± 0.0063 in inductively 
coupled plasma optical emission spectroscopic (ICP-OES) anal-
ysis, respectively. The ratio obtained from the ICP-OES analysis is 
similar to the calcium–phosphate ratio of the known HAp (1.67)[50] 
(Figure  2b–d and Figure S2, Supporting Information). To ana-
lyze HAp without affecting the base material, the phase analysis 
was performed by scraping HAp off the surfaces of P10-L50 and 
P10-L100. As a result, a pure HAp phase without a titanium peak 
and a relatively high crystallinity were observed (Figure  2a and 
Figure S3, Supporting Information). Interestingly, the crystallinity 
of HAp increased as the number of loops increased (Figure S4, 
Supporting Information). The results showed that the crystallinity 
can be controlled by the laser processing conditions, particularly 
L. In addition, this method allows not only the formation of the 
coating layer, but also the graphic implementation by a laser direct 
ablation process with different immersion solutions (Figure S5, 
Supporting Information). The HAp patterns implemented by this 
method are of various shapes, such as lines, curves, and text.

Figure 1.  a) Schematic diagram of the hydroxyapatite coating layer formed by the laser-induced single-step coating (LISSC) process on titanium sur-
face with modified apatite coating solution (MACS) and nanosecond laser. b) SEM image of the cross-section of hydroxyapatite (HAp)-coated surface.  
c) Schematic diagram of the hydroxyapatite nucleus and coating layer formation by laser radiation in MACS solution. d) The optical image of the 
specimen surface-treated under various laser conditions and the “laser beam path” used in laser processing. e) SEM images of the coating layer with 
a controlled amount of hydroxyapatite formation under laser emission conditions. f) Comparison of HAp formation area (%) according to laser emis-
sion conditions. “P” and “L” indicate power and loop, respectively. Data represent mean ± s.d., ***, **** indicate statistically significant difference 
when value compared to each comparison group with ***p < 0.001, ****p < 0.0001.
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2.2. Analysis of the Thickness and the Strength of  
the Surface Coating Layer

Cross-sectional elemental mapping analysis was performed to 
determine the thickness and the composition of the surface 

coating layer. The mapping of the calcium and phosphate 
elements, which are the major compositional elements of 
HAp,[51] indicated that the thickness of the HAp coating 
layers were 20.3  ± 4.6  µm and 53.3  ± 11.5  µm for P10-L50 
and P10-L100 laser conditions, respectively (Figure  3a–d). 

Figure 2.  a) Phase analysis of the surface coating layer using thin-film mode in XRD (P10-L50, P10-L100), and scraped off the surface coating layer (P10-
L50-CL, P10-L100-CL). SEM images of P10-L50 condition (b) and P10-L100 condition (c) surfaces which performed EDS (energy dispersive spectrometry) 
elemental analysis. d) The calcium and phosphate ratios obtained from EDS elemental analysis. Data represent mean ± s.d.; N.S. indicates that the 
comparison of each group is not significant.

Figure 3.  Cross-sectional SEM (top left) and EDX mapping images of HAp coating layer by laser irradiation condition: a) Ti, b) P10-L50, c) P10-L100 
(scale bar 100 µm). HAp coating thickness (d) with laser radiation conditions. Images of SEM (top left) and EDX analysis of surface element after the 
scratch test at the beginning (e), middle (f), and end (g) area of the scratch. The red arrow indicates HAp that remains on the surface after the scratch 
test (scale bar 100 µm). HAp coating strength (h) with laser radiation conditions. Data represent mean ± s.d. *, **** indicate statistically significant 
difference when value compared to each comparison group with *p < 0.05, ****p < 0.0001.
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In  addition, during the laser-induced surface treatment, the 
titanium surface melted repeatedly, forming micropores,[52,53] 
thus resulting in a valley-like rough surface.[54,55] In the 
LISSC method, HAp synthesis and coating were carried out 
simultaneously during the formation of the valley-like sur-
face (Figure S6, Supporting Information). Therefore, HAp 
was not only adsorbed on the surface of the melting layer but 
also formed deep in the valley-like structure (Figure S7, Sup-
porting Information). Because of the combined layers of the 
structures and the coatings, HAp could remain firmly on the 
material surface even under harsh conditions such as sanding 
off the HAp layer (Figure S8, Supporting Information). The 
improvement in the durability of the HAp coating due to the 
complex structural properties was also observed in the scratch 
test (Figure  3e–g). The coating strengths measured by the 
scratch test were 31.7  ± 3.1 N and 47.2  ± 15.9 N for P10-L50 
and P10-L100 laser conditions, respectively (Figure 3h). It was 
reported that the coating strengths of the layers formed by 
the dip coating, pulsed laser deposition, and the plasma-spray 
methods used in medical implant surface treatment[56,57] were 
0.002–2 N,[58,59] 0.6–5.29 N,[60,61] and 11.18 N,[62] respectively, 
whereas, the coating method developed in this study provided 
a comparatively higher coating strength (31.7–47.2 N), which 
is sufficient for use in clinical practice (Table S3, Supporting 
Information).

To confirm why the LISSC method provided a high adhe-
sion strength of the coating layer, we carried out structural 
and elemental analysis using transmission electron micros-
copy (TEM) (Figure 4a). The coating layer consisted of three 
layers: 1) HAp, which mainly consisted of calcium and phos-
phorus, was located on the upper side; 2) titanium was located 
on the lower side (Figure  4b); and 3) an intermediate layer 
that was observed at the HAp–titanium interface, in which 

HAp and titanium components were mixed and appeared 
simultaneously (Figure 4c–e and Figure S9, Supporting Infor-
mation). It can be noted that the intermediate layer improves 
the coating strength.

2.3. Principle of Single-Step HAp Synthesis and Coating through 
Laser Irradiation

To further understand the principle of HAp synthesis through 
laser irradiation, the position of the laser focal point was fixed, 
and the formation of HAp was observed (Figures 5 and 6 and 
Figure S10, Supporting Information). When a titanium spec-
imen was immersed in distilled water and then irradiated 
with laser pulses, only ablated craters and heat-affected areas 
were observed, and no calcium or phosphate components 
were detected (Figures 5a and 6a and Figure S10a, Supporting 
Information). When a titanium specimen was immersed in 
Dulbecco’s modified eagle medium (DMEM) containing inor-
ganic ions similar to body fluid, calcium and phosphate compo-
nents were formed around the ablated spot (Figures 5b and 6b 
and Figure S10b, Supporting Information). When a titanium 
specimen was immersed in MACS containing inorganic ions 
similar to body fluid and the concentration of calcium and 
phosphate was increased 100 times, HAp-covered circles were 
formed around the ablated spot (Figures 5c and 6c, and Figure 
S10c, Supporting Information). This result indicates that HAp 
synthesis occurs when the laser is radiated to a precursor solu-
tion containing calcium and phosphate ions. The amount of 
HAp formation increases when the thermal energy applied to 
the sample increases through increases of P and L (Figure S2, 
Supporting Information). This behavior is similar to the con-
ventional hydrothermal synthesis method where the thermal 

Figure 4.  a) Schematic diagram of the sample preparation process for analyzing the structure of the coating layer. b) BSE image of HAp coating layer 
cross-section (red dotted line—TEM analysis area). c) Schematic diagram of the element mapping results. d) Cross-section electron microscopy images 
and elemental mapping analysis using TEM-HAADF. e) Merged element mapping result.
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energy applied to the solution is proportional to the amount of 
synthesized HAp.[63] Moreover, it has been reported that HAp is 
formed when a specimen is immersed in a solution containing 
inorganic ions found in body fluid, such as Hanks’ balanced 
salt solution, DMEM, and simulated body fluid.[64,65] The reac-
tion governing the HAp synthesis in a solution containing cal-
cium and phosphate ions has been actively studied.[66–68] These 
dip coating methods, which do not use a laser process, require 
1–15  days to form a 2–10 µm thick HAp coating.[69,70] To pro-
mote the formation of HAp, a method for increasing the con-
centration of inorganic ions was used.[71] However, when the 
concentration of inorganic ions, compared to body fluid, was 
increased by ten times, it took 2–6 h to form HAp.[72] In con-
trast, the 20–30 µm thick HAp coating layer could be formed 
within 15 min by the LISSC method. From the above results, it 
is presumed that our method accelerated the rate and amount 
of HAp nucleation by the multiple effects of the “laser-induced 
thermal energy” and “high concentration inorganic ions.”

Summarizing the results of the surface, cross-section, micro-
structure, and elemental analysis, the HAp formation by the 
LISSC process can be described as follows: The substrate comes 
in contact with supersaturated calcium and phosphate ions 
in the MACS solution. The laser is irradiated on the surface 
of the substrate to increase the temperature locally. The local 

melting of the substrate surface due to increased temperature 
and the HAp nucleation from calcium and phosphate ions due 
to thermal energy occur simultaneously. The surface melting 
and the formation of HAp are repeated by multiple loops of 
laser scanning, whereby HAp penetrates into the substrate 
to form a HAp–substrate coexisting intermediate layer. The 
thermal energy formed at the focused spot of the laser beam 
is transmitted by conduction in the substrate and convection 
of the solution. As a result, the crystal size of the previously 
nucleated HAp grows, thus generating a thermally formed-
HAp crystal. As the laser beam moves, the substrate heating 
and melting, HAp nucleation, HAp–substrate intermediate 
layer formation, and HAp crystal growth phenomena continu-
ously occur to form a coating layer along the path of the laser 
beam, thereby providing a thick and strong HAp coating layer 
(Figure 7). Furthermore, when LISSC was applied to polymeric 
substrates, such as polyetheretherketone (PEEK) and polycapro-
lactone (PCL), with the laser condition of P = 10 W power and 
L  = 50, HAp coatings—with the thicknesses of 26.3  ± 6.7  µm 
and 25.4  ± 4.6  µm, respectively—were well-formed on the 
surfaces of the substrates (Figures S11–S13, Supporting Infor-
mation). In the elemental component analysis, calcium and 
phosphate were detected not only on the surface of the spec-
imen but also inside the base material. (Figures S14 and S15, 

Figure 5.  Surface elemental mapping images using SEM, EDX after single-point laser irradiation by immersion solution type. Surface elemental map-
ping images of titanium immersed in distilled water (a), DMEM (b), and MACS (c) with fixed single-point laser irradiation.
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Figure 6.  Optical and 3D images after single-point laser irradiation processing by immersion solution type. Surface optical and 3D images of titanium 
immersed in distilled water (a), DMEM (b), and MACS (c) with fixed single-point laser irradiation.

Figure 7.  Schematic diagram of the laser-induced single-step coating induced hydroxyapatite synthesis, HAp-substrate mixed molten layer, and  
HAp coating layer formation process. In the figure, the green and red circles indicate “Ca2+”, and “PO4

3−” ion, respectively.
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Supporting Information). As a result, the LISSC technique, 
which forms a secure coating layer due to the HAp formation 
and its penetration in the base material, can be implemented 
not only in metals but also in polymers.

2.4. Evaluation of the Adhesion of a Bone Cell and Serum Pro-
tein on the HAp-Coated Surface Formed by the LISSC Method

We evaluated the adhesion of serum proteins and bone cells 
(osteoblasts) to confirm the biomedical applicability of the 
HAp-coated surface formed by the LISSC method. The number 
of attached cells was considered as a parameter for the assess-
ment of the bone formation potential of a material.[34,73] Fur-
thermore, it was found that the increase in the number of bone 
cells on the HAp-coated surface was statistically significant 
as compared to the number of bone cells on untreated tita-
nium specimens (Figure 8a–c). Serum proteins are known as 

essential factors for biocompatibility and bone formation.[74–76] 
The serum proteins, particularly fibronectin and vitronectin, 
are known to promote bone cell adhesion, proliferation, dif-
ferentiation, and bone formation.[77–80] In all our results, it was 
observed that the amount of adsorption of the serum proteins 
was higher on the specimens processed under the P10-L50 and 
P10-L100 laser conditions as compared to that on the titanium 
specimens. Moreover, we found that the thicker the HAp, the 
stronger the adhesion (Figure  8d and Figure S16, Supporting 
Information). The surface roughness and hydrophilicity of 
the specimens treated under P10-L50 and P10-L100 laser con-
ditions increased as compared to the titanium specimens 
(Figures  S17 and S18, Supporting Information). It is assumed 
that the increase in the number of loops during the laser irra-
diation thickens the HAp coating layer, thereby increasing the 
surface roughness and hydrophilicity. Furthermore, it promotes 
the adhesion of proteins that are beneficial to cell adhesion and 
growth. We also cultured osteoblast cells on the graphically 

Figure 8.  a) The schematic diagram for evaluating the cell adhesion on each surface. b) Fluorescence microscopy images of osteoblasts attached to 
Ti, P10-L50, and P10-L100 surfaces; nucleus (blue), F-actin (orange). c) The number of osteoblasts attached to the unit area. d) The amount of serum 
protein adsorbed in the unit area. Data represent mean ± s.d., ***, **** indicate statistically significant difference when value compared to each 
comparison group with ***p < 0.001, ****p < 0.0001.
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patterned HAp surfaces for 24 h to confirm the effect of the 
coated HAp. They showed preferential adhesion on the HAp-
coated area over the ablated area (Figures S5, S19, and S20, 
Supporting Information).

3. Conclusions

Herein, we developed a seamless method for synthesizing and 
coating HAp by using nanosecond laser surface treatment. 
The technique developed in this study shortened the existing 
multiple-step process to a single process, thus reducing the 
total process time from several days to a few minutes. By 
melting the substrate at the same time as HAp nucleation by 
laser irradiation, a gradient HAp–substrate intermediate layer 
in which HAp penetrates into the substrate was observed. 
The coating thickness could be controlled from 20.3  ± 
4.6 µm to 53.3 ± 11.5 µm, and it achieved a coating strength 
of 31.7–47.2  N, which is sufficient for application in med-
ical implants. On the surface treated by the LISSC method, 
serum proteins and osteoblast adhesion were promoted, thus 
showing the possibility of application on the surfaces of other 
biomaterials. Moreover, this coating method could be directly 
applied to dental and orthopedic implants, and extended to 
the rough surface of titanium implants that are manufactured 
by advanced methods such as 3D printing. The LISSC method 
could also be potentially used for obtaining surface coatings 
of various compositions by adjusting the elements of the solu-
tion used for immersion.

4. Experimental Section
Sample Preparation: Grade 5 titanium (Ti-6Al-4V, 3 mm thick, 10 mm 

wide, and 10  mm long) specimens were used. The specimens were 
polished in order of # 300, # 600, and # 1000 using a surface grinder 
(M-PREP 5, ALLIED), and then washed sequentially in acetone (99.5%, 
DUKSAN), 99.9% EtOH (DUKSAN), 70% EtOh (DUKSAN), and 
deionized water (Pure power I, 18.2 MΩ). The washed specimen was 
used after drying for more than 12 h in a desiccator. PEEK was purchased 
(Evonik) and machined (U&I) in plate form (2  mm thick, 8  mm wide, 
and 8  mm long) for use. To remove debris formed during machining, 
PEEK specimens were washed sequentially in 99.9% EtOH (DUKSAN), 
70% EtOH (DUKSAN), and deionized water (Pure power I, 18.2 MΩ). 
The washed specimen was used after drying for more than 12 h in a 
desiccator. Sheet-type (1 mm thick, 20 mm wide, and 5 mm long) PCL 
was prepared using the following method: Priority, PCL was synthesized 
using ring-opening polymerization technique. ε-Caprolactone (99%) 
was obtained from Alfa Aesar. Chloroform (≥99.5%) was obtained 
from Daejung Chemicals. Methyl alcohol (≥99.8%) was obtained from 
Duksan Pure Chemicals. 1-Dodecanol and tin (II) 2-ethylhexanoate were 
prepared and stored in dry toluene with 0.2 m concentration prior to 
use. 1-Dodecanol (≥98%, Sigma Aldrich) was used as an initiator and 
tin (II) 2-ethylhexanoate (92.5–100.0%, Sigma Aldrich) was used as a 
catalyst with the molar ratio of monomer (10 000): initiator (1): catalyst 
(1). The reagents and magnetic stirrer were introduced in a 100 mL glass 
ampoule and sealed under vacuum after purging three times with argon. 
The sealed ampoule was subsequently heated to 150 °C in an oil bath 
for 24 h with stirring speed of 200  rpm. After the polymerization, the 
product was dissolved in chloroform. PCL was precipitated in methanol 
to remove unreacted contents, and dried under vacuum. The PCL dried 
in sheet form was cut into 20  mm wide and 5  mm long sizes for the 
experiment.

Preparation of Modified HAp Coating Solution: For the preparation of 
MACS, DMEM (LM001-05, WELGENE), which is similar in concentration 
and inorganic ion composition to body fluid and also acts as a buffer, 
was used as a basic solution. Subsequently, in order to increase the 
concentration of calcium and phosphorus components 100 times 
compared to body fluids, 1 m Ca(NO3)2 (C4955, Sigma-Aldrich) and 
1  m H3PO4 (P5811, Sigma-Aldrich) solutions were used. The final Ca2+ 
ion concentration was 250  mm, and HPO4

2− ion concentration was 
100  mm. In order to minimize the formation of precipitates due to ion 
supersaturation, ion salt solutions were prepared immediately prior to 
use. In the LISSC process, the temperature of the solution was 25 °C and 
pH 7.4. The composition and concentration of inorganic components used 
in solution preparation are presented in Table S1, Supporting Information.

Laser Direct Writing Process: A nanosecond ytterbium fiber laser 
(Biolino MOPA, Laservall), which provides a peak power of 20 W, pulse 
duration of 4–200  ns, repetition rates of 1.6–1000  kHz, and spot size 
50 µm was used in this study. For rapid HAp coating on titanium, power 
was fixed to 10 W, pulse duration with 200 ns, repetition rate at 500 kHz, 
and scan speed of 0.5 m  s–1. Power was measured using a low power 
thermal sensor connected to a power meter (Nova II, Ophir). Before the 
laser irradiated onto the specimen, the laser power meter was placed 
directly on the specimen to measure the power and the power meter 
removed during the laser treatment. The laser beam was moved in a 
zigzag manner, and the treatment area per laser condition was 1 × 1 mm 
(Figure 1d). The interval gap of each line was fixed to 10 µm interval of 
the laser beam. The laser irradiation completed specimen was immersed 
in distilled water for 10 min and washed repeatedly three times. The 
washed specimens were stored in the desiccator until further analysis 
and experiment. For texturing and graphic implementation on HAp by 
laser direct writing, HAp-coated specimens were prepared by LISSC 
method. After the specimen was immersed in distilled water, the laser 
beam was emitted under the condition of power of 10 W, pulse duration 
with 200 ns, repetition rate at 500 kHz, and a scan speed of 0.5 m s–1, 
loop 10 for texturing and graphic implementation on HAp. All coating 
processes were carried out at 25 °C.

Microstructure and Elemental Analysis of HAp Formed by LISSC Method: 
The microstructure of HAp formed by the LISSC method was confirmed 
using a field-emission scanning electron microscope (FE-SEM; Inspect 
F50, FEI). For surface analysis, the LISSC-treated specimen was washed 
three times with distilled water to remove unreacted salt on the surface 
and dried in a desiccator for 12 h. Specimens were kept in desiccator 
until observation. Elemental analysis used EDX spectroscopy (Inspect 
F50, FEI). The surface morphology was measured with a 3D laser 
measuring microscope (OLS5000, Olympus). The HAp coating layer 
formed by the LISSC method was scraped using a surgical knife (ALN, 
AN02-002-04) to obtain a powdery sample. This sample was immersed 
in a 3  mol  L–1 HCl solution, and ultrasonication was performed for at 
least 10 min to make a solution. A quantitative and qualitative analysis 
was subsequently performed using inductively coupled plasma optical 
emission spectroscopy (ICP-OES; iCAP 6500 Duo, Thermo). Qualitative 
analysis was performed by selecting Ca, P, Mg, Na, K, an ionic 
component of the MACS precursor solution used during LISSC process, 
and Ti used as a substrate. The results of the analysis are obtained by 
weight (wt)%, converted to atomic (at)%, and calculated by Ca/P ratio. 
All values are expressed as mean ± standard deviation, and values below 
the detection limit of the equipment are indicated as “Not detected”.

Phase Analysis: Phase analysis of the surface coating layer was used 
TF-XRD (Dmax2500, RIGAKU). The incident X-ray angle was fixed at  
1.5° and the XRD patterns were obtained in the (2θ) diffraction angle 
range 10° to 45°. The individual HAp crystals were scraped from 
titanium surface, and XRD patterns were obtained in the (2θ) diffraction 
angle range 10° to 80 ° using Cu Kα radiation (40 kV, λ = 1.54051 Å) with 
a step size of 0.05°, time per step of 0.2 s. The base material titanium 
was Ti-6Al-4V (JCPDS no. 04-002-8708), and the surface coated layer was 
hydroxyapatite (JCPDS file No. 09–0432) in the phase analysis.

Coating Strength Analysis: The coating strength was measured using 
scratch test equipment (RST3, Anton paar). Scratch measurement 
conditions consisted of: speed of 6  mm  min–1, length of 3  mm, 
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begin load of 1000 mN, acquisition rate of 30  Hz, and loading rate of 
5000  mN  s–1. By comparing the results obtained from the scratch test 
with the SEM and EDX analysis of the stripped parts, the exact location 
of the stripped parts was determined to obtain the coating strength. To 
analyze the coating thickness on a substrate, a cross sectioned specimen 
was prepared. The coating layer image of the cross-section specimen 
was obtained using SEM and EDX. The thickness was analyzed through 
the ImageJ program (Wayne Rasband, NIH).

Structural Analysis of Coating Layer: After coating HAp by LISSC 
method, a cross section specimen was prepared using a focused ion 
beam (FIB; Helios NanoLab 600, FEI). The structure of the coating 
layer was measured by TEM (Talos, FEI), and elemental analysis was 
performed by high-angle annular dark-field imaging (HAADF).

Analysis of Apatite Forming Principle Using Laser Fixed Spot Irradiation: The 
effect of laser irradiation on HAp formation was evaluated. To check the 
effect of the laser irradiation, titanium specimens were immersed in distilled 
water, DMEM, and MACS, respectively. The laser irradiation conditions 
were the same as the LISSC method without laser scanning for 15 min with 
the beam focusing fixed spot. Following laser irradiation, the completed 
specimen was immersed in distilled water for 10 min and washed repeatedly 
three times. The washed specimens were dried in a desiccator for at least 
12 h, followed by optical microscopy and 3D image measurements.

Surface Roughness Analysis: The surface roughness of titanium (Ti), 
P10-L50, and P10-L100 were analyzed using a 3D microscope (OLS-
5000, Olympus). The values of Ra and Rz were measured using n = 5  
or more specimens. Graphs show the mean, standard error, and 
raw values together and statistical significance determined using the 
Origin program (OriginLab Corporation) statistical analysis tool. Three 
groups were analyzed by one-way ANOVA with post hoc Tukey’s honest 
significant difference (HSD) test. *, **, *** indicate statistical significant 
difference when directly compared to each respective group with  
*p < 0.05, **p < 0.01, ***p < 0.001.

Contact Angle Analysis: The contact angles of titanium (Ti), P10-L50, 
and P10-L100 specimens were measured using a contact angle meter 
(SDS-TEZD, Femtofab) by dropping about 10  µL of distilled water 
into the specimen in droplet form. Specimens of n  = 5 or more were 
measured and expressed as mean ± standard deviation. When the 
contact angle cannot be measured because the surface is hydrophilic 
and exceeds the device’s measurement limit, it is marked as “Not 
detected (N.D.)” and indicated by a red arrow that the time range of 
water droplets absorbed by the surface.

Evaluation of Osteoblast Attachment on the HAp-Coated Surface: The 
mouse osteoblast cells (MC3T3-E1, ATCC) were seeded at 5 × 104 cells 
on each specimen surface and incubated for 3 h at 37 °C, 5% CO2, and 
95% humidity. Cells that did not attach to the surface were removed 
by washing three times with PBS. Cells attached to the surface of the 
specimens were fixed with 4% formaldehyde (4% paraformaldehyde in 
PBS) for 5 min. Cells were permeated by exposure to 0.1% Triton X-100 
in PBS for 5  min and washed three times with PBS. Subsequently, 
the cells were stained with rhodamine-phalloidin (R415, Invitrogen) 
and DAPI (LS-J1033, Vectashield), and measured using a fluorescence 
microscope (Axioscope imager A2M, ZEISS). Four images taken at 
different locations of each specimen were measured using the ImageJ 
program (NIH) to determine the number of cells per unit area.

Evaluation of Osteoblast Adhesion in Text and Graphic HAp Patterns: 
The results were measured by SEM and fluorescence microscopy after 
culturing osteoblasts in the text form’s HAp pattern implemented by 
LISSC and laser direct writing process method. The mouse osteoblast 
cell line MC3T3-E1 (ATCC) were seeded at 5 × 104 cells on specimen 
surface and incubated for 24 h at 37 °C, 5% CO2, 95% humidity. After 
incubation time, the cells that did not attach to the surface were removed 
by washing three times with PBS. Cells attached to the surface of the 
specimens were fixed with 4% formaldehyde (4% paraformaldehyde in 
PBS) for 5 min. Cells were permeated by exposure to 0.1% Triton X-100 
in PBS for 5 min and washed three times with PBS. F-actin was stained 
(orange) with rhodamine-phalloidin (R415, Invitrogen), and the nucleus 
was stained (blue) with DAPI (LS-J1033, Vectashield) and measured 
using a fluorescence microscope (Axioscope imager A2M, ZEISS).

Analysis of Osteoblast Behavior in the HAp, Non-HAp Interface 
Implemented by the LISSC Method: The mouse osteoblast cell line 
MC3T3-E1 (ATCC) was seeded at 5 × 105 cells on specimen surface and 
incubated for 24 h at 37 °C, 5% CO2, and 95% humidity. After incubation 
and staining the cells attached to the HAp and non-HAp interfaces 
with nucleus (DAPI, LS-J1033, Vectashield) and F-actin (rhodamine-
phalloidin, R415, Invitrogen), images were obtained using a fluorescence 
microscope (Axioscope imager A2M, ZEISS).

Comparison of the Effect of HAp Coating Using LISSC on the Amount 
of Serum Protein, Fibronectin, and Vitronectin Adsorption: The 10% mouse 
serum (# 10410, Invitrogen) was placed on the surface of the specimen 
and maintained at 37 °C for 30  min, followed by washing three times 
with PBS (PR2004-100-74, Biosesang) to remove non-specifically 
attached protein. RIPA buffer (# 89900, Thermo) was placed on the 
specimen surface for 10  min at 4 °C to separate the attached protein 
from the surface. Protein samples obtained from each surface were 
measured by the micro-BCA (# 23235, Thermo) and absorbance at 
562  nm wavelength using an absorbance meter (GloMax GM3000, 
Promega). For the analysis of fibronectin and vitronectin adsorption 
amounts, protein-adsorbed samples were obtained for each specimen 
using the same method as total serum protein adsorption, as described 
above. In fluorescence staining of fibronectin, fibronectin antibody 
(ab2413, abcam) was used as the primary antibody and Alexa Fluor 488 
(ab150077, abcam) was used as the secondary antibody. For vitronectin, 
vitronectin antibody (ab45139, abcam) was used as the primary antibody 
and Alexa Fluor 594 (ab150080, abcam) was used as the secondary 
antibody. The fluorescence stained specimens for each protein using 
antibodies were measured using a fluorescence microscope (Axioscope 
imager A2M, ZEISS).

Statistical Significance Analysis: All graphs show the mean, standard 
deviation, and raw values together where n  ≥ 4 and statistical 
significance determined using the Origin program (Ver9.0, OriginLab 
Corporation) statistical analysis tool. A two-tailed Student’s t-test was 
used when only two groups were being compared. More than three 
groups were analyzed by one-way ANOVA with post hoc Tukey’s honest 
significant difference (HSD) test. *, **, ***, and **** indicate statistical 
significant difference when directly compared to each respective group 
with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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