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A B S T R A C T   

Hydroxyapatite, an essential mineral in human bones composed mainly of calcium and phosphorus, is widely 
used to coat bone graft and implant surfaces for enhanced biocompatibility and bone formation. For a strong 
implant–bone bond, the bone-forming cells must not only adhere to the implant surface but also move to the 
surface requiring bone formation. However, strong adhesion tends to inhibit cell migration on the surface of 
hydroxyapatite. Herein, a cell migration highway pattern that can promote cell migration was prepared using a 
nanosecond laser on hydroxyapatite coating. The developed surface promoted bone-forming cell movement 
compared with the unpatterned hydroxyapatite surface, and the cell adhesion and movement speed could be 
controlled by adjusting the pattern width. Live-cell microscopy, cell tracking, and serum protein analysis 
revealed the fundamental principle of this phenomenon. These findings are applicable to hydroxyapatite-coated 
biomaterials and can be implemented easily by laser patterning without complicated processes. The cell 
migration highway can promote and control cell movement while maintaining the existing advantages of hy
droxyapatite coatings. Furthermore, it can be applied to the surface treatment of not only implant materials 
directly bonded to bone but also various implanted biomaterials implanted that require cell movement control.   

1. Introduction 

Hydroxyapatite (HA), composed of calcium and phosphoric acid as 
mineral components of human bone, is often applied to the surface of 
materials in a clinical setting that require direct bonding to bone [1,2]. A 
good record of favorable clinical outcomes has made HA one of the most 
common implant coating materials for increasing the bonding strength 
of dental and orthopedic implants [3–6]. Artificial materials implanted 
into the body to bond to bone undergo a sequence of attachment 
involving serum proteins, immune cells, and stem cells, followed by 
osteoblast differentiation and bone cell growth for new bone formation 
[7,8]. In recent years, research has been conducted on promoting bone 

formation by implementing a surface that can promote bone-forming 
cell adhesion [9–11]. This is partly because the bone-bonding and 
forming capability of titanium (Ti) and its alloys, some of the most 
common materials for implant devices, is insufficient compared with 
that of autologous bones. Therefore, the utilization of HA coatings to 
promote osteoblast adhesion and bone formation has been explored [12, 
13] and applied in clinical practice [14–17]. 

Research on surface modifications that can control cell migration is 
also underway since it is well known that new bone formation requires 
both cell attachment [18–21] and cell movement to reach the bone 
formation site [22–24]. In particular, it has been reported that bone 
formation-related genes such as Runx2, osteocalcin, and osteopontin are 
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expressed and calcium deposition of osteoblasts is increased on the 
surface where cell migration is promoted [25,26] to result in increased 
osseointegration [18]. Several studies have explored controlling the 
movement of cells using surface patterns [27–29]. However, most 
studies have used relatively easy-to-process polymer materials [30,31]. 
Even when HA is used, a complex additional process is required, such as 
reproducing the pattern by placing HA powder in the patterned frame 
followed by heat treatment [32,33]. Furthermore, most previous studies 
have focused on cell shape and proliferation [34,35], while there is a 
lack of research on surface patterns that can control the movement of 
bone-forming cells on the HA surface, where bone cells directly bond 
and form new bone. 

In this study, a method to create a cell migration highway (CMH) 
pattern was developed using simple nanosecond laser processing to 
control cell movement on the surface of HA. This method, which does 
not require complicated additional steps, applies nanosecond laser 
engraving [36] directly to the HA surface to expose the base material 
while creating road-like patterns. By allowing different materials to be 
exposed together, this technique affords a topographical effect and 
simultaneously provides the benefits from the exposure of two different 
material surfaces. We applied and developed the results of our existing 
research that can coat HA using a nanosecond laser [37] to form various 
types of HA patterns. This new technique promotes and controls cell 
migration while maintaining the advantages of the existing apatite, and 
it is applicable to all areas where such apatite is used. The imple
mentation and microstructure of the CMH were confirmed through 
electron microscopy and 3D topographical analysis. In-depth cellular 
evaluation of the CMH visualized the controlled cell migration and 
adhesion using osteogenic cells. The principle underlying the controlled 
cellular behavior by the application of the CMH was explored through 
serum protein adhesion, live-cell imaging, cell tracking, and quantifi
cation analysis. 

2. Materials and methods 

2.1. Preparation of CMH 

To implement the CMH, titanium (grade 5, Ti–6Al–4V, 2.5 mm thick, 
10 mm wide, 10 mm long) specimens were polished with #600 grit 
using a surface polishing machine (M-PREP 5, ALLIED, USA) and ul
trasonically cleaned in the order of distilled water, 70% EtOH (64-17-5, 
DUKSAN, Korea), 99.8% EtOH (64-17-5, DUKSAN, Korea), and distilled 
water (Pure Power I, Human Corp. Korea) for 10 min each. The washed 
specimen was stored in a desiccator at room temperature until the 
experiment. 

A nanosecond laser (ytterbium fiber laser, 1065 nm, Laservall, 
China) was used to coat HA on the specimen surface. A precursor solu
tion was prepared using Dulbecco’s modified Eagle’s medium (LM001- 
05, WELGENE, Korea), Ca(NO3)2 (C4955, Sigma-Aldrich, USA), and 
H3PO4 (P5811, Sigma-Aldrich, USA). The specimen was immersed in the 
precursor solution, and a nanosecond laser was used to irradiate the 
surface. The detailed composition and laser irradiation conditions of the 
reaction solution for the HA coating were selected by referring to the 
LISSC method [34]. Briefly, for the HA coating, the laser settings were a 
power of 10 W, pulse duration of 200 ns, repetition rate of 500 kHz, and 
scanning speed of 0.5 m/s. In all laser processes, before irradiating the 
specimen, the laser output was measured with a power meter (Nova II, 
Ophir, Israel), and then the experiment was conducted. For the HA1 and 
HA2 specimens, the apatite coating thickness was controlled to 16.8 ±
7.3 and 47.5 ± 12.7 μm by setting the number of loops (number of 
repeated laser irradiations) to 50 and 100, respectively. 

For CMH formation, the HA-coated specimen was immersed in 
distilled water and irradiated with the nanosecond laser under the 
conditions of 10 W power, 100 mm/s speed, 1000 kHz frequency, 200 ns 
pulse width, 10 μm line gap, and 10 loops. The specimens on which a 
CMH was formed were ultrasonically cleaned for 10 min each in the 

order of distilled water, 70% EtOH, 99.8% EtOH, and distilled water, 
then stored in a desiccator before experiments. 

2.2. Characterization of CMH microstructure and topography 

The microstructure of the laser-treated titanium and CMH-embedded 
HA specimens were analyzed using electron and optical microscopy. 
Microstructural analysis was performed using a scanning electron mi
croscope (SEM; Inspect F50, FEI, USA) after the sample surface was 
coated with platinum for 60 s at 15 mA using an ion coater (MC1000, 
Hitachi, Japan). For optical microscopic analysis, titanium, HA-coated 
specimens, and laser-processed specimens were prepared. Two- 
dimensional natural-color images were obtained to confirm each spec
imen size and color, and 3D images were measured together to deter
mine the surface topography. Both the optical and 3D topography 
measurements were performed using a 3D microscope (LSM-5000, 
Olympus, Japan). Surface roughness was determined using a surface 
analysis program (AnalysisApp, Olympus, Japan) after obtaining 
topography data from each specimen with the 3D microscope. For sta
tistical significance analysis, measurements of 10 or more specimens 
were performed for each condition, and the raw data, mean, and stan
dard deviation are given. In addition, to determine the change in surface 
roughness due to laser processing, the laser-processed part of each 
specimen was marked, and the surface roughness according to analysis 
location was also determined. 

2.3. Osteoblast adhesion and migration analysis 

For cell experiments, mouse-derived osteoblasts (MC3TC-E1, ATCC, 
USA) were used. All cells used in the experiments were stored in − 196 ◦C 
liquid nitrogen, thawed in a 37 ◦C constant-temperature water bath one 
day before the experiment, and then dispensed into a tissue culture plate 
with a 10 cm diameter (100 mm × 20 mm, Corning, USA) and incubated 
(Thermo Fisher Scientific Forma, USA) for one day for cell stabilization. 
To evaluate cell adhesion and migration, a mixture of minimum essen
tial medium (Alpha-MEM, Hyclone, USA), 10 v/v% fetal bovine serum 
(SH30088.03, Hyclone, USA), and 1% antibiotic (penicillin-strepto
mycin, Thermo Fisher Scientific, USA) was used as a cell culture solu
tion. The specimen was placed in a 24 well plate (Corning, USA) with a 
size of 1 cm × 1 cm, and 5 × 105 cells were dispersed in 1 ml of cell 
culture solution and then poured into the specimen to submerge it. After 
incubation at 37 ◦C, 5% CO2, and 95% humidity for 24 h, the cells were 
washed three times with phosphate-buffered saline (PBS, pH 7.4, Gibco, 
USA) and fixed with a solution of 4% paraformaldehyde in PBS. Sub
sequently, the cytoplasms and nuclei were fluorescence-stained using 
rhodamine-phalloidin (R415, Invitrogen, USA) and DAPI (LS-J1033, 
Vectashield, USA), and images were taken with a fluorescence micro
scope (Axio Scope Imager A2M, ZEISS, Germany). 

From the images of the cell nuclei (blue color), the number of cells 
and location information on the x- and y-axes were obtained using the 
ImageJ program (NIH, USA). The moving distance of the cells was 
masked before cell attachment. The locations where cell attachment did 
not occur were considered the cell migration starting point. After 
removing the masking, the cells were cultured for 24 h, and the location 
in the masked area was considered the final migration location. The data 
quantified using the x-and y-axis positional information were arranged 
with the Microsoft Excel program, and the graphs and statistical sig
nificance were analyzed using the Origin program (Origin 2.0, Origin
Lab, USA) (Fig. S2). 

The relative cell density of cell adhesion and migration was deter
mined using the location information on the x- and y-axes obtained by 
the above method. The number of adhered cells per unit area was 
measured, and the relative density according to location was calculated 
as a percentage and expressed as a diagram. The relative density was 
mapped by dividing the laser-processed portion and the unprocessed 
area. In addition, to check whether the relative cell density differed 
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significantly with the target location, a statistical significance test was 
conducted to distinguish the difference to the location when the laser- 
processed or unprocessed area are displayed together on a graph. 

2.4. Real-time observation and tracking of live cells 

To analyze the cell behavior in real time, a cover glass (thickness 
0.13 mm, diameter 25 mm, borosilicate glass DIN ISO 8255, Marienfeld, 
German) capable of transmitting light during microscopy was used. An 
HA coating and CMH were implemented on the glass surface using the 
LISSC method and laser engraving mentioned in Section 2.1. HA debris 
on the sample surface was washed using 70% EtOH (64-17-5, DUKSAN, 
Korea), 99.8% EtOH (DUKSAN, Korea), and distilled water (Pure Power 
I, Human Corp., Korea) and stored in a dryer until the experiment. The 
prepared sample was placed in a 6 well plate (Corning, USA), and 5 ×
104 cells/well were seeded. After placing in a chamber at 37 ◦C, 5% CO2, 
and 95% or greater humidity, the cells were allowed to stand for 10 min 
to stabilize. A total of 288 images were obtained at 5 min intervals for 
24 h using a phase difference method with a live cell microscope (Axio 
Observer Z1, Zeiss, Germany). In all the acquired images, each cell 
location was identified and tracked using a cell tracking program 
(CellTracker) [38]. After obtaining the information to be considered X 
(x-axis position), Y (y-axis position), and Z (measured time) of all cells in 
each image (5 min per frame), the data were organized with Excel, and 
Origin was used to create a chart and to test for statistical significance. 
The HA region, CMH region, and interface between the two were pre
sented together using the 288 images at 30 fps to observe the cell 
movement over 24 h. 

2.5. Analysis of serum protein adhesion according to CMH 
implementation 

To analyze the serum protein adhesion characteristics, specimens of 
HA1, HA2, and HA2 with a CMH were prepared. The CMH was imple
mented using the LISSC and laser engraving method described in Section 
2.1. A solution for protein adhesion was prepared by mixing mouse 
serum (#10410, Invitrogen, USA) with a cell culture medium (Alpha- 
MEM, Hyclone, USA) to a 10 v/v% concentration. A specimen was 
placed on a 6 well plate (Corning, USA), and 3 ml/well of the above 
solution was added to completely precipitate the specimen. Subse
quently, the sample was maintained for 1 h in an environment of 37 ◦C, 
5% CO2, and 95% or greater humidity for the proteins to adhere to the 
specimen surface. The 6 well plate solution was removed, and PBS was 
added at 4 ml/well, maintained for 5 min, and removed. This process 
was repeated a total of 3 times to remove excess proteins not attached to 
the surface. Staining was performed using fibronectin antibody (ab2413, 
Abcam, England) and vitronectin antibody (ab45139, Abcam, England), 
and images were obtained using fluorescence microscopy. The fluores
cence intensities of the HA and CMH regions in the fluorescence images 
were analyzed using ImageJ and are presented as relative values for 
each area. To analyze the total amount of attached serum proteins, CMH, 
HA1, and HA2 specimens with a size of 10 mm × 10 mm were prepared. 
Serum protein adhesion was carried out in the same manner as 
mentioned above, after which RIPA buffer (#89900, Thermo, USA) was 
added at 4 ◦C for 10 min to obtain the proteins attached to the surface. 
The protein amounts obtained from each sample surface were calculated 
by measuring the absorbance at a wavelength of 562 nm (GloMax 
GM3000, Promega, USA) using the micro-BCA (#23235, Thermo, USA) 
method. 

2.6. Statistical significance analysis 

Raw data are presented in all graphs showing the statistical analysis 
results. The statistical analysis method used for each graph is described 
in each figure caption. The Origin program was used for all statistical 
analyses. The statistical significance between groups was tested by 

ANOVA, and the significance analysis between each item was expressed 
using the Tukey post-test results. Data represent raw data, while *, **, 
and *** indicate statistically significant differences between each com
parison group, with *P < 0.05, **P < 0.01, and ***P < 0.001. 

3. Results 

3.1. Implementation of CMH 

A nanosecond laser was used to create a passageway to promote cell 
migration on the surface of an HA coating on titanium (Fig. 1a). The 
passageway was patterned so that the base Ti material was completely 
exposed through laser engraving on the surface coated with HA. In 
addition, a Ti surface without the HA coating was engraved under the 
same laser conditions to distinguish the difference in cell migration 
characteristics resulting from the combination of topography and ma
terials. The effect of the width of the moving passage on the cell behavior 
was also determined by adjusting the width during the laser engraving 
process (Fig. 1b, d). 

As shown in Fig. 1c and e, observation of the surface of each spec
imen subjected to laser engraving with SEM, optical microscopy, and 3D 
microscopy confirmed the formation of passageways with a controllable 
width. In subsequent descriptions, the passageway implemented on the 
Ti surface without an HA coating is termed “laser engraving,” while the 
road shape implemented on the HA surface is termed the CMH. 

3.2. Inhibition of bone cell migration by HA 

Cell migration analysis was performed to determine the inhibition of 
bone cell movement on the HA surface. Ti and HA specimens with 
different coating thicknesses (HA1: HA thickness, 16.8 ± 7.3 μm; HA2: 
HA thickness, 47.5 ± 12.7 μm) were prepared to determine the effect of 
HA thickness. Osteoblasts were dispensed on the surface of each sample 
and cultured for 24 h to compare the migration patterns (Fig. 2a). Flu
orescently stained cytoplasms (orange color) compared in terms of both 
2D images and 3D fluorescence intensity showed that the osteoblasts on 
the Ti surface migrated to cover the widest area, whereas the osteoblasts 
on HA1 and HA2 were only able to move and cover a much narrower 
area (Fig. 2b). The cytoplasmic fluorescence intensity distribution 
analysis based on the cell migration distance from the starting position 
showed that the fluorescence intensity of the cells on the Ti surface 
gradually started to decrease at approximately 2500 μm (Fig. 2c). In 
contrast, the fluorescence on HA1 and HA2 began to decrease signifi
cantly at approximately 1300 μm (Fig. 2d and e). A similar trend of cell 
migration inhibition on the HA1 and HA2 surfaces was also observed in 
the statistical significance analysis of the cell migration distance 
compared with the Ti surface (Fig. 2f). 

3.3. Changes in cell adhesion characteristics by implementation of CMH 

The effect of the CMH on cell adhesion was confirmed by comparing 
the number and location of adhered cells according to the presence or 
absence of a CMH. Cells were coated on the laser-engraved Ti surface 
specimen and on the CMH on the HA surface, followed by incubation for 
24 h, after which the cell adhesion patterns were compared (Fig. 3a). 
Fluorescent staining of the cell nuclei (DAPI, blue) and cytoplasms 
(Actin, red) to observe the cells attached on the specimen surface 
showed no significant difference in osteoblast adhesion on the Ti sur
faces with and without the laser engraving area or with different 
engraving widths (Fig. 3b). In contrast, on the surface with the CMH, 
more cells were attached to the HA area than to the CMH area (Fig. 3c). 

The cells attached to the laser-engraved area on Ti (yellow dots) and 
to the non-engraved area (gray dots) are shown as a distribution chart in 
Fig. 3d. In terms of the number of cells attached per unit area, there was 
no difference between the two areas, as shown in Fig. 3e. In contrast, the 
distribution and density of cells attached to the CMH region of the HA 
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specimen (yellow dots) showed a statistically significant decrease 
compared with the cells attached to the HA region (gray dots), as shown 
in Fig. 3f and g. 

A comparison of relative cell density mappings (Fig. 3h) of the laser- 
engraved area on Ti (inside of yellow dotted line) and the non-engraved 
area (outside of yellow dotted line) showed no significant difference, 
and no difference was found in the numerically measured cell density 
per distance in the laser-engraved area (red box) (Fig. 3i). On the other 
hand, a difference in density was clearly observed between the cells 
attached to the CMH area of the HA specimen (inside of yellow dotted 
line) and the cells on the surface without a CMH (outside of yellow 
dotted line) in the relative cell density maps (Fig. 3j). In addition, the 
cell density analysis showed a statistically significant decrease in the 
density of attached cells in the CMH region (Fig. 3k). 

3.4. Acceleration of cell migration by CMH 

The effect of the CMH on cell migration was determined by cell 
migration analysis with and without CMH implementation. When 
dispensing the cells, a masking film was used to prevent them from 
adhering to the patterned surface area so that only the effect on cell 
migration was observed, not the effect on cell adhesion (Fig. 4a). First, 

the migration characteristics of osteoblasts were confirmed on the laser- 
engraved Ti specimens with different widths. Fluorescence staining (cell 
nuclei, blue; cytoplasms, red) observation showed no difference in cell 
migration on the Ti surface with or without laser engraving (Fig. 4b). 
This is similar to the observed distributions of migrated cells in the laser- 
engraved area (yellow dots) and non-engraved area (gray dots) shown in 
Fig. 4d. The statistical significance test of the migration speed showed 
that there was no difference depending on the presence of laser 
engraving on the Ti surface, with cell migration rates of 286 ± 97 and 
304 ± 99 μm/d, respectively (Fig. 4e). On the other hand, the CMH on 
the HA surface showed notably different characteristics. The cells in the 
CMH region migrated a far greater distance as observed by fluorescence 
microscopy (Fig. 4c). The cell migration rate in the CMH-free region was 
203 ± 56 μm/d compared with 327 ± 91 μm/d in the CMH region, 
which is a 1.6-fold increase in average value and 3.2-fold increase in 
maximum value (Fig. 4g). In terms of relative cell density, there was no 
difference between the areas with and without laser engraving on the Ti 
surface (Fig. 4h). However, on the CMH surface, the cells were heavily 
concentrated in the CMH area (Fig. 4j). Interestingly, a closer look at the 
area where cells were concentrated on the CMH surface showed that 
they were mostly located in the boundary area between HA and the 
CMH, or the edge of the CMH (Fig. 4j). The dependence of the cell 

Fig. 1. Cell migration highway (CMH) implementation and microstructure analysis using nanosecond laser. (a) Schematic diagram of CMH implementation on the 
surface of hydroxyapatite using nanosecond laser. (b) Schematic diagram of laser engraving treatment on titanium surface. (c) Surface microstructure of laser 
engraved titanium surface using SEM, optical and 3D microscopes. (d) Schematic diagram of cell migration highway formation on the hydroxyapatite through laser 
engraving. (e) Surface microstructure of laser engraved hydroxyapatite surface using SEM, optical and 3D microscopes. 
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density characteristics on the presence of laser engraving or a CMH were 
also in good agreement with the findings discussed above in terms of 
statistical significance (Fig. 4i, k). 

The laser engraving on the Ti surface and the CMH on the HA surface 
also showed different characteristics with changes in width. When the 
laser engraving width on the Ti surface was adjusted to 76 ± 4 (WD1), 
144 ± 3 (WD2), and 248 ± 4 μm (WD3), the cell migration speeds were 
277 ± 97, 304 ± 99, and 290 ± 105 μm/d, respectively. These are 
similar to that of the non-engraved area (282 ± 96 μm/d), indicating 
that there was no difference in cell migration speed upon adjusting the 
engraving width (Figs. S6b, f, j). On the other hand, in the CMH formed 
on HA, when the width was adjusted to 89 ± 6 (WD1), 175 ± 9 (WD2), 
and 241 ± 16 μm (WD3), the migration speeds were 256 ± 84, 323 ± 88, 
and 260 ± 85 μm/d, respectively. Compared with the speed of 202 ± 49 
μm/d in the absence of a CMH, cell migration was faster in all CMHs, and 
adjusting the CMH width caused a significant difference in cell migra
tion speed (Figs. S6d and h, l). 

3.5. Analysis of cellular behavior in CMH through live cell observation 

To understand the fundamentals of the CMH cell adhesion and 
migration speed characteristics, the cell behaviors were analyzed in the 
HA area (Fig. 5a), CMH area (Fig. 5h), and HA and CMH interfacial area 
(Fig. 5e) using a live cell microscope (Figs. S7 and S8). When the cell 
movements were tracked at 5 min intervals for 24 h, the cells in the HA 
region only moved within a relatively narrow region (Fig. 5b), whereas 
the cells in the CMH region moved around a wider region (Fig. 5i). The 
interfacial region between HA and the CMH showed intermediate 
characteristics of the HA and CMH regions (Fig. 5f). In terms of the 
cellular movement direction (Fig. S9), the cells in the HA and CMH re
gions did not tend toward a specific direction (Fig. 5c, j). Interestingly, 
however, the cells in the interfacial region tended to move toward the 
HA region (Fig. 5g). Comparison of the cell migration speeds showed 
that the HA region had the slowest movement while the CMH region had 
the fastest, and the interfacial region showed intermediate characteris
tics between the HA and CMH regions (Fig. 5d, k). 

Fig. 2. Analysis of migration characteristics of bone cells depending on the thickness and presence of hydroxyapatite coating. (a) Schematic diagram of cell migration 
characteristics with (HA1, HA2) or without a hydroxyapatite coating (Ti) and depends on the hydroxyapatite coating’s thickness (HA1, hydroxyapatite coating 
thickness; 16.8 ± 7.3㎛), (HA2, hydroxyapatite coating thickness; 47.5 ± 12.7㎛). (b) After migrating osteoblasts from each surface for 24 h, the cytoplasm was 
stained with fluorescence (Rodamine Phalloidin, Orange) and imaging with a microscope. The fluorescence intensity was compared by implementing three- 
dimensional fluorescence images. Numerical comparative analysis of fluorescence intensity according to the distance traveled when osteoblasts were cultured on 
each surface [(c) Ti (d), HA1 (e), HA2] for 24 h. (f) Analysis of statistical significance of cell migration distance (Data represent raw data and mean., *** indicate 
statistically significant difference when value compared to each comparison group with ***P < 0.001). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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3.6. Cell migration characteristics of CMH through serum protein 
adhesion analysis 

Serum protein adhesion was analyzed to understand the principle 
underlying the cell adhesion and migration characteristics of the CMH. 
When an implant material is placed in the body, the serum proteins first 
contact the material surface [39], and the amount and type of attached 
serum proteins are known to affect the adhesion and differentiation of 
bone-forming cells and bone formation [40,41]. In particular, fibro
nectin (FN) [42,43] and vitronectin (VN) [44,45] are known to promote 
the formation of focal adhesions of osteoblasts, resulting in favorable 
adhesion, proliferation, and differentiation of osteoblasts and ultimately 

bone formation [46–49]. 
FN and VN attached to the CMH and its surroundings were observed 

by immunostaining using a fluorescence microscope (Fig. 6a). The re
sults confirmed that a significantly larger number of FN and VN attached 
to the HA region located around the CMH than to the CMH region itself 
(Fig. 6b, d, e). The amount of adhered serum proteins was also higher in 
the HA region than in the CMH region; this trend increased propor
tionally to the HA thickness (Fig. 6c). 

The results indicate that the amount of adhered serum proteins, 
including FN and VN, is smaller in the CMH region than in the HA re
gion, which might provide insights into the relatively low adhesion of 
osteoblasts and the accelerated cell migration. The amount of adhered 

Fig. 3. Analysis of the adhesion characteristics of bone cells on the cell migration highway. (a) Schematic diagram to analyze osteoblasts adhesion characteristics on 
the surface of hydroxyapatite formed the cell migration highway pattern. (b) Different widths were formed by laser engraving on the titanium surface not coated with 
hydroxyapatite, and osteoblasts were cultured for 24 h to measure adhesion characteristics with a fluorescence microscope [BF; bright field image, DAPI; cell nucleus 
(blue), Actin; cytoplasm (red)]. (c) An image obtained by measuring osteoblasts adhesion under a fluorescence microscope after forming cell migration highways 
with different widths on the surface of hydroxyapatite. (d) Laser-engraved area and cell attachment location (yellow dot) in titanium without hydroxyapatite coating. 
Location and distribution of cells attached to the non-laser engraving area (gray dot). (e) Analysis of statistically significance of attachment number, (h) relative cell 
density map, and (i) numerical analysis graph of relative cell density. (f) Adhesion distribution of osteoblasts on the surface of the cell migration highway formed by 
laser engraving on the surface of hydroxyapatite. (g) Analysis of statistically significance of attachment number, (j) relative cell density map, and (k) numerical 
analysis graph of relative cell density. (Data represent raw data, mean and standard deviation., N.S. indicate not statistically significant., *, *** indicate statistically 
significant difference when value compared to each comparison group with * P < 0.05, ***P < 0.0001). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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serum protein increased in proportion to the HA width, and observation 
of the cellular behavior around the CMH at different HA thicknesses 
confirmed that many cells gathered near the region where the amount of 
HA was relatively large (Fig. S10). 

3.7. Analysis of the relationship between CMH width and cell attachment 
and migration 

Analysis of the influence of cell adhesion and migration according to 
the width control of CMH was conducted. CMH with different widths 
was formed by laser engraving on the surface of the HA. The effect of 
laser surface treatment alone on cells was compared by engraving the 
titanium surface with the same laser conditions as CMH on HA (Fig. 7a). 
There was no difference in cell attachment between the non-lasered Ti 

surface and the laser engraved surface with adjusted width from WD1 to 
3 (Fig. 7b). In contrast, CMH showed a decrease in cellular attachment 
for all of the width lengths from WD1~3 compared to conventional HA. 
In particular, WD1 and WD2 showed a tendency to decrease cell 
attachment more than WD3 (Fig. 7c). 

The effect of cell migration according to the adjustment of the laser 
engraving width was also analyzed. There was no statistically significant 
difference in cell migration for titanium surface with laser engraving 
width adjusted to WD1~3 or non-lasered titanium (Fig. 7d). On the 
other hand, in CHM, all of WD1~3 showed faster migration than HA, 
and in particular, WD2 showed the fastest migration speed. 

Overall, the above results showed that the laser engraving on tita
nium does not change the adhesion and migration speed of cells. How
ever, on the HA surface, cell adhesion and migration can be controlled 

Fig. 4. Analysis of migration characteristics of bone cells on the cell migration highway. (a) A schematic diagram of analyzing the migration characteristics of 
osteoblasts on the hydroxyapatite surface formed the cell migration highway pattern. (b) Laser engraving on the titanium surface without hydroxyapatite coating to 
have a different width, and incubating osteoblasts for 24 h to determine migration characteristics by fluorescence microscopy [BF; bright field image, DAPI; cell 
nucleus (blue), Actin; cytoplasm (red)]. (c) A schematic diagram and images of observing migration by fluorescence microscopy by culturing osteoblasts 24 h after 
forming cell migration highways with different widths using laser engraving on the surface of hydroxyapatite. (d) Cell distribution on the surface of titanium without 
hydroxyapatite coating [Position of cells migrated to the laser-engraved area (yellow dot), cells migrated to the non-laser-engraved area (gray dot)]. Results of 
statistical significance analysis of migration speed (e), relative cell density map (h), and numerical analysis graph of relative cell density (i). Cell distribution on the 
cell migration highway of hydroxyapatite (f) [Position of cells migrated to the cell migration highway area (yellow dot), cells migrated to the non-cell migration 
highway area (gray dot)]. Results of statistical significance analysis of cell migration speed (g), mapping image of relative cell density (j), and statistical significance 
analysis of relative cell density (k). (Data represent raw data, mean and standard deviation., N.S. indicate not statistically significant., *, *** indicate statistically 
significant difference when value compared to each comparison group with * P < 0.05, ***P < 0.0001). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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depending on the CMH width as well as the presence or absence of CMH. 

4. Discussion 

HA-coated on the titanium surface used in this study has a Ca/P ratio 
of 1.67 and has relatively low crystallinity [37]. Although it is known 
that the Ca/P ratio and crystallinity of HA affect the adhesion and 
growth of bone cells [58,59], this study studied the behavior of cells in 
the area where HA was removed through CMH. Therefore, it would be 
more appropriate to consider the effect of surface roughness, which is 
known to affect cell adhesion and migration, rather than the Ca/P ratio 
or crystallinity. The surface roughness of the HA-coated area was 7.66 ±
1.87 μm and 19.23 ± 6.38 μm in HA1 and HA2, respectively, and the 
titanium surface without HA coating was 0.15 ± 0.01 μm. Therefore, the 
HA surface showed a higher surface roughness value than the titanium 
surface (Fig. S1). However, there was no statistically significant differ
ence in the surface roughness of the laser engraving area in which the 
cell response study was conducted, from 7.61 ± 0.49 μm to 7.50 ± 0.28 
μm in titanium, and 7.94 ± 0.72 μm to 8.68 ± 1.33 μm in the CMH area 
implemented in HA (Fig. S1). Also, the effect of laser engraving on ti
tanium and HA surfaces on cell adhesion and migration was compared. 
In titanium, the surface roughness of the non-laser engraving area 

increased to 0.15 ± 0.01 μm, and the treated area increased to 7.28 ±
0.31 μm. Still, there was no difference in cell adhesion and migration 
(Fig. 3 b,d,e,g,i and Fig. 4 b,d,e,h,i). Contrary to this, in the CMH region 
of HA, there was a difference in cell adhesion and migration in both the 
HA1 condition (7.66 ± 1.87㎛) and HA2 (19.23 ± 6.38㎛) (Fig. 3 c,f,g,j, 
k and Fig. 4 c,f,g,j,k). Therefore, it is presumed that the complex 
composition of HA and titanium is the main factor in controlling the 
adhesion and movement speed of cells by CMH, rather than surface 
roughness. 

Chemotactic cell migration, in which cells try to move to locations 
with high concentrations of specific ions or proteins, has long been a 
well-known phenomenon [27,50–52]. Furthermore, osteoblasts have 
been reported to recognize chemical functional groups and serum pro
teins [53–55]. Osteoblasts have also been found to show reduced 
migration in areas with sufficient nutrients for growth [56], and when 
necessary components such as serum proteins are recognized, they tend 
to move toward them [57]. Taking these characteristics into consider
ation, the osteoblast cells located in the HA region are relatively rich in 
serum proteins (Fig. 6c–e), and thus they are reluctant to move to a 
different location (Fig. 7e and Figs. S6c and d). The CMH region is 
lacking in serum protein compared with the HA region (Fig. 6c–e), and 
thus the osteoblast cells seemed to move actively as a necessity to find a 

Fig. 5. Analysis of cell behavior in cell migration highway using live-cell observation and cell tracking. The behavior of osteoblasts in the hydroxyapatite coating 
area (a), the boundary area between the hydroxyapatite coating and the cell migration highway (e), and the cell migration highway area (h) for 24 h was observed 
through a live cell microscope, and the migration path was indicated. The result of tracking and analyzing the paths the cells traveled in the x- and y-axis in the 
hydroxyapatite coating area (b), the boundary area between the hydroxyapatite coating and the cell migration highway (f), and the cell migration highway area (i). 
The migration angle distribution of the cell migration direction characteristics on each surface [Hydroxyapatite coating area (c), boundary area between hy
droxyapatite coating and cell migration highway (g), cell migration highway area (j)]. The velocity characteristics of the x-axis (d) and y-axis (k) of cell migration on 
each surface using a statistical significance method (Data represent raw data and mean., *, **, *** indicate statistically significant difference when value compared to 
each comparison group with * P < 0.05, **P < 0.01, ***P < 0.0001). 
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better location (Fig. 7e and Figs. S6c and d). 
Considering the cell behavior in the CMH region in more detail, the 

cells located at the interface adjacent to HA (within approximately 100 
μm from the HA–CMH interface) tended to migrate to the HA region, 
which is relatively rich in serum proteins such as FN and VN (Fig. 5e–g). 
The cells located in the center of the CMH (approximately 100 μm apart 
from the HA–CMH interface) have access to a smaller amount of serum 
proteins attached to the surface, which makes them less likely to adhere, 
and they appear to move at relatively high speeds without a specific 
direction because they are far from the HA region (Fig. 5h–j, d, k). 

As the cells use filopodia to recognize surrounding proteins and 
chemical components [60,61], and when spreading filopodia, the cell 
size is known to be 50–100 μm [62,63]. It is hypothesized that the dis
tance at which the cells can recognize the high concentration of serum 
protein around them is within approximately 100 μm. Studies have 
shown that cells undergo directional migration when they detect con
centration differences of surface ligand density [27]. When tracking the 
movement of cells in the HA-CMH region in real-time, most of the cells 
within 100 μm of the HA-CMH boundary region showed a tendency to 
migrate. 

To verify this hypothesis, an evaluation of the cellular influence 

according to the CMH width was performed. The width of CMH was 
designed in three main ways: WD1 [100 or less, (89 ± 6 μm)], WD2 [100 
to 200, (175 ± 9 μm)], and WD3 [200 or more, (241 ± 16 μm)]. We 
began pattern evaluation for 24 h with WD1, on which the cells were 
expected to have a high probability of meeting the HA surface after 
moving in a random direction. The width of the CMH was then increased 
for WD2 and WD3 for further investigation. The results indicate that the 
difference in the number of attached osteoblasts and their speed can be 
estimated according to the CMH width by the same hypothesis 
mentioned above. Comparing the number of adhered cells on the CMH 
depending on CMH width showed a statistically insignificant difference 
between WD1 and WD2, whereas the number of adhered cells increased 
on WD3 (Fig. 7c). On WD1 and WD2, the cells in the CMH region are 
relatively close to the HA region, which facilitates their migration to the 
latter. In contrast, on WD3, the cells are located far enough from the HA 
region to make it difficult for the cells to recognize it, causing many to 
remain in place. Analysis of the different numbers of cells attached to the 
surface showed an increase in cell density at the edge of the CMH 
(Fig. 3f, j, k and Figs. S11c, d, g, h, k, l), and live-cell microscopic ob
servations and cell migration angle analysis also confirmed that cells 
located approximately 100 μm or less from the HA interface tended to 

Fig. 6. Analysis of the causes of cell adhesion and migration characteristics on the cell migration highway. (a) Schematic diagram of the experimental procedure to 
analyze serum proteins adhesion properties on the cell migration highway. (b) The microstructure of the analysis site (cell migration highway region and hy
droxyapatite region) to confirm the adhesion properties of serum proteins. Measurement image of the attached protein using a fluorescence microscope [fibronectin 
(green), vitronectin (red)]. (c) Comparing the total amount of serum proteins attached to the cell migration highway (CMH) region and the hydroxyapatite region 
(HA1, HA2). The statistical significance of the fluorescence intensities of fibronectin(d) and vitronectin(e) attached to the hydroxyapatite-coated area and the CMH 
area. (Data represent raw data and mean., *** indicate statistically significant difference when value compared to each comparison group with ***P < 0.0001). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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migrate toward the HA region (Mov. S2 and Fig. 5g). In contrast, cells 
100 μm or farther moved randomly rather than toward the HA region 
(Mov. S3 and Fig. 5j). 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2021.03.025 

Based on the above results, the mechanism underlying the difference 
in cell migration speeds according to CMH width could also be esti
mated. The cells on WD1 tended to migrate toward the HA area rather 
than remain in the CMH area, and thus the number of cells attached to 
the CMH area was relatively small and the migration speed was rela
tively low (Figs. S4c and d and Figs. S6c and d). The cells on WD3 were 
farther from HA, enabling them to move freely, but they appeared to be 
too far from a location with sufficient attached serum proteins, which in 
turn discouraged continuous migration (Fig. S4k, l and Figs. S6k and l). 
On the contrary, the cells on WD2 could recognize the HA region where 
abundant serum proteins, including FN and VN, were attached. When 
the cells are not too far from the HA region, it is presumed that the 
chemotaxis of attempting to find locations with high serum protein 
contents at detectable distances serves as potential for continuous 
migration, enabling the cells to move toward the nearby HA region. 

The CMH was able to control cell adhesion and migration speed 
according to its width (Figs. 3, 4, 7 and S4, S5, S6). Specifically, cell 
adhesion was promoted on the surface of the narrow width CMH or the 
HA (Fig. 7b, c and Figs. S4d, h, i). The cell migration rate was not pro
portional to the CMH width but was maximized at a specific width 
(Fig. 7d, e and Figs. S6d, h, i). From these results, it is expected that the 
adhesion and migration of cells on the implant surface can be controlled 
by adjusting the width and spacing of CMH on the HA-coated surface. 

5. Conclusion 

The surfaces of various implants that require direct bonding with 
bone are often coated with HA, which contains calcium and phosphorus, 
to increase the bonding strength. However, while cell adhesion is pro
moted on the HA surface, cell movement is inhibited due to strong 
adhesion, which inhibits the even spread of osteogenic cells on the 
surface of the implant material. The implementation of a CMH pattern 
promotes cell migration using only laser processing on the surface of 
existing HA without any complicated additional processes. The CMH 
implementation technique allows for a road-type topography and the 

Fig. 7. Statistical significance analysis of the cell adhesion and migration effect according to laser engraving width. Numerical analysis of osteoblast adhesion 
properties (b), (c) and migration (d), (e) according to laser engraving width control on titanium specimens without a coating layer of hydroxyapatite (Ti) and 
specimens coated with hydroxyapatite (HA). (Ti: Cont; area without laser treatment, WD1; engraving width; 76±4 μm, WD2; engraving width; 144±3 μm, WD3; 
engraving width; 248±4 μm), (HA: Cont; area without laser treatment, WD1; engraving width; 89 ± 6㎛, WD2; engraving width; 175 ± 9㎛, WD3; engraving width; 
241 ± 16㎛). (Data represent raw data, mean and standard deviation., N.S. indicate not statistically significant., **, *** indicate statistically significant difference 
when value compared to each comparison group with **P < 0.01, ***P < 0.001). 
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simultaneous exposure of two different implant materials with different 
surface properties. Compared with the conventional HA surface without 
a pattern, the CMH could promote the movement of bone-forming cells 
and control the adhesion and speed of the cells according to the CMH 
width. Based on the results, designing a patterned surface that can 
appropriately control bone adhesion or bone cell movement is possible 
by adjusting the ratio or pattern shape of the interfacial surface area 
where HA and the exposed parent material coexist through laser 
engraving. In this study, we developed a technique for implementing 
patterning on the HA surface and confirmed that such pattern could 
regulate cell adhesion and migration at the cellular level. The cause of 
this phenomenon was explained through the analysis of proteins related 
to bone formation. Based on the findings presented in this study, a 
follow-up study is needed to implement developed patterns in various 
materials and confirm the in vivo effect through animal experiments. 
However, since this technique can be applied to all apatite materials and 
materials with apatite coatings through a simple laser process, it could 
soon act as a gateway to expanding the field of material implantations. 
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