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Abstract
While pure titanium is a material of choice for medical applications for its excellent mechanical and chemical properties,  
further improving its surface-related functionalities by surface texturing is also promising. In the present work, we  
experimentally investigate the fabrication, as well as the resulting functionalities of surface wettability and biocompat-
ibility, of precise mesh-type surface textures on pure titanium by picosecond pulsed laser ablation operating at 1064 nm 
wavelength. Specifically, the dependence of microgroove morphology on average power and scanning speed is evaluated to 
yield optimized laser processing parameters, which are utilized to fabricate high precision mesh-type surface textures with 
uniform feature size and limited thermal effects on pure titanium. Subsequent performance evaluation tests demonstrate 
that the mesh-type surface textures induce a beneficial effect on the biocompatibility with respect to BMSC cells due to the  
enhanced hydrophilicity.
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1  Introduction

Pure titanium has been widely used in fields of aerospace, 
marine engineering, transportation and biology, owing to 
its excellent properties such as light weight, high specific 
strength, stable structure, excellent corrosion resistance and 

biocompatibility [1]. While the application of pure titanium 
requires high stability in mechanical, physical and chemical 
properties, enhancing the surface functionalities by various 
surface treatment techniques is essentially desired for pro-
moting the performance of pure titanium-based parts. While 
the performance of surface coating technology is limited by 
fracture and delamination of coated thin films [2], and the 
mechanical processing technology for difficult-to-machine 
materials is suffering from the severe tool wear [3], laser 
surface texturing (LST), in which regular surface textures 
or patterns are fabricated through laser ablation, has been 
proven as a promising method of surface treatment for a 
wide variety of materials due to its advantages of low cost, 
high efficiency and high quality [4–7].

In particular, the effectiveness of LST in enhancing the 
surface functionalities of titanium and its alloys has been well 
demonstrated. On the side of friction and wear, Durairaj et al. 
fabricated micro-textures on the rake face of tungsten carbide 
cutting tools, which are found to be effective in alternating cut-
ting force, shear angle, contact area and adhesion in orthogonal 
cutting of aluminum [4]. Wang et al. fabricated surface tex-
tures with different shapes, pitches and widths on Ti-6Al-4V 
(TC4) and reported that the fabricated textures significantly 
improve the tribological properties of the titanium alloy under 
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oil lubrication conditions [8]. Kümmel et al. fabricated linear 
groove textures with a width of 30 μm and a depth of 10 μm on  
TC4 and found that the surface texturing leads to a reduction 
up to a factor of 160 in friction coefficient and wear compared 
to non-textured surface [9]. Xu et al. fabricated circular pits 
with a depth of 7.777 μm and an area occupancy ratio of 19.6%  
on TC4, which are effective in lowering friction coefficient and  
wear compared with non-textured surface [10]. On the side 
of wettability, Cunha et al. found that the anisotropy of LST 
textured TC4 surface is a key factor in controlling the wetting 
behavior [11]. Li et al. found that groove textures fabricated 
on TC4 can only prompt the wettability for the groove spacing 
larger than 0.25 mm [12]. MacDonald et al. reported that the 
roughening of pure titanium surface by surface texturing can 
reduce contact angle accompanied with improved its hydrophi-
licity [13]. On the side of corrosion, Conradi et al. fabricated 
groove textures on TC4 to improve the corrosion resistance 
[14]. Xu et al. found that the corrosion resistance of textured 
TC4 surfaces is improved by increasing the texture density  
[15]. On the side of biocompatibility, Zhou et al. reported that 
the groove textures on TC4 by LST significantly improved the 
bio-functionalization of titanium alloy, in terms of cell adhe-
sion, cell growth and contact guidance [16]. Kumari et al.  
found that the distribution of cells on the textured TC4 surface 
is preferentially along the roughness peak area of texture edge  
or cavity, and the cells tend to be distributed on the edge of 
the texture as a whole [17]. Cunha et al. cultured human mes-
enchymal stem cells (hMSCs) on the textured TC4 surface to 
explore their abilities to differentiate into osteoblasts. Their 
results showed that the cell area and focal adhesion area are 
lower on the textured surfaces than that on the polished surface. 
However, after a longer period of culture, the matrix mineraliza-
tion and bone-like nodule formation on the textured surface are 
enhanced. It is thus believed that the textured surface is beneficial 
for the differentiation of hMSCs into the osteoblast lineage [18].

However, previous research on LST of titanium and its 
alloys is mainly focused on TC4, and the LST of pure 
titanium is rather limited. On the one hand, pure titanium 
has higher elastic modulus, plasticity, corrosion resist-
ance, wear resistance and biocompatibility than TC4, and 
accordingly possesses higher potential in medical applica-
tion than TC4 [19, 20]. Thus, further enhancing surface 
functionalities of pure titanium by LST is also promis-
ing. On the other hand, laser ablation-based microstruc-
ture fabrication is a process of melting, vaporizing and 
recasting of the material, which means that the thermody-
namic properties of ablated materials have an important 

influence on the precision of fabricated surface textures 
[21]. In particular, pure titanium has lower thermal con-
ductivity and linear expansion coefficient than TC4 [22, 
23]. Consequently, the laser processing parameters of TC4 
established in previous work may not be suitable for pro-
cessing pure titanium, and it is necessary to investigate 
the dependence of pure titanium surface textures on laser 
processing parameters. Finally, the textures fabricated in 
most of previous work are grooves and circles with low 
area occupancy ratio [24–26]. While the area occupancy 
ratio is an important parameter that affects surface contact 
area, how to increase the area occupancy ratio by utilizing 
different geometries of textures is critical to improve the 
performance of surface textures.

Therefore, in the present work we carry out experi-
mental studies on the LST and related functionalities of 
wettability and biocompatibility of pure titanium. Firstly, 
effects of laser processing parameters of average power 
and scanning speed on the precision of ablated groove 
morphology are investigated. Secondly, high-precision 
mesh-type textures are fabricated on pure titanium using 
the optimized laser processing parameters. Finally, effect 
of the fabricated textures on the surface wettability and 
biocompatibility of pure titanium is addressed.

2 � Methodology

2.1 � Material

In this work, commercially available TA2 pure titanium 
samples are used, which have a size of 10 mm in length, 10 
mm in width and 0.6 mm in thickness. The chemical com-
position of TA2 pure titanium is listed in Table 1. Prior to 
LST, pure titanium samples are sequentially grinded by 
abrasive papers with 80, 180, 400, 800, 1000, 1200, 1500 
and 2000 grits to remove the oxide film on the surface, 
which finally results into a surface roughness (Ra) of 0.2 
μm. Then, the ground samples are cleaned in an ultrasonic 
cleaning machine for 20 minutes, followed by drying in a 
closed cabinet. And the dried samples are further polished 
to reach a surface roughness of 0.025 μm. Note that the 
samples after grinding and polishing are sequentially sub-
jected to ultrasonic cleaning in liquid mixed with acetone, 
absolute ethanol and deionized water for 20 minutes at 
a temperature of 25°C, aiming for removing oxides and 
contaminations before the LST experiments.

Table 1   Chemical compositions 
of TA2 pure titanium.

Element Ti Fe C N O H

Composition(%) Residual 0.033 0.011 0.01 0.12 0.001
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2.2 � Experimental setup of LST

The LST experiments are carried out using a laser microma-
chining device shown in Fig. 1, which is composed of a 
picosecond pulsed laser, a galvo scanner, a motorized linear 
Z-axis slide with a motion accuracy of 5 μm and a sample 
holder. The picosecond pulsed laser has a pulse width of 150 
ps, a wavelength of 1064 nm, a laser beam diameter of 30 
μm and a repetition frequency range of 60–1200 kHz.

In the LST process, the horizontally polarized Gaussian 
laser beam is firstly precisely focused onto the pure titanium 
surface, accompanied by precisely adjusting the focusing 
length through the movement of vertical Z-axis slide. The 
focusing length is 100 mm for a laser beam diameter of 30 
μm. After the focusing of laser beam on the sample surface, 
the designed surface textures are then implemented in the 
software of Ezcad2 for laser marking. And the laser process-
ing parameters such as average power and scanning speed 
are also controlled by the software.

The area occupancy ratio is an important parameter that 
affects the functionalities of surface textures. Pratap and Patra 
[27] investigated the type of texture geometry on the surface 
wettability and tribological properties of textured TC4 and 
found that the micro-mesh textures with an intermediate pitch 
of 200 μm and a depth of 30 μm possess higher reduction in 
coefficient of friction under all the loads and sliding veloci-
ties than the micro-dimple textures, due to higher wettability 
and Vickers micro-hardness accompanied by the higher area 
occupancy ratio. Thus, in the present work a mesh-type texture 

with a width of 60 μm, a depth of 30 μm and a pitch of 200 
μm is considered. After LST, the surface texture morphology 
is characterized by optical microscopy and scanning electron 
microscope (SEM), and the surface texture profile is character-
ized by white light interferometer.

2.3 � Experimental setup of surface wettability testing

In order to investigate the effect of surface texture on the 
wettability of pure titanium, surface wettability of textured 
sample (Ti-tex) and non-textured sample (Ti) is evaluated by 
the sessile drop measurement, which is performed at room 
temperature using as two testing media of distilled-deionized 
(DD) water and Modified-Simulated Body Fluid (m-SBF). 
The m-SBF is designed to have an ion concentration close to 
human blood plasma, and the composition is listed in Table  
2. Prior to the measurements, the samples are ultrasonically  
cleaned first with ethanol for 5 minutes and then, dried at room 
temperature. In the sessile drop measurement, droplets of test-
ing media with a volume of 2 µL are successively deposited 
on sample surface with a micrometric syringe for 60 s. The 
droplet profile is analyzed by using the axisymmetric drop 
shape analysis-profile (ADSA-P) method [28], and the static 
contact angle is estimated by fitting the Laplace equation to the 
experimental profiles. Three repeat measurements are made for 
the same position to ensure the accuracy of data acquisition.

2.4 � Experimental setup of biocompatibility testing

In order to investigate the effect of surface texture on the bio-
compatibility of pure titanium, biocompatibility of textured 
sample (Ti-tex), non-textured sample (Ti) and control group is 
evaluated by culturing BMSC on the sample surface in vitro. 
The control group is the culture plate without material of pure 
titanium. All samples are firstly sterilized under high pressure 
and temperature by autoclave. After the thawing, the BMSCs 
are cultured in F12 medium (Hyclone, USA) supplemented 
with 10% FBS (Biological Industries, Israel) and antibiotics 
(Bayotime, China) in a humidified atmosphere of 5% CO2  
and 95% O2 at 37℃ for 4 passages. The cells are plated in a 
96-well culture plates at the concentration of 2.5×104 cell/ml 
for 48 hours, and the cell viability is detected by cell counting 
kit-8 (CCK-8; MCE, USA). Furthermore, the absorbance at 
450 nm is measured by a KHBST-360 multi-detection micro-
plate reader (Kehua, shanghai, China).

Fig. 1   Experimental configuration of LST device

Table 2   Compositions of test 
media of m-SBF

Composition Na+ K+ Mg2+ Ca2+ Cl- HCO-3 HPO2
-4 SO2

-4

Concentration (mM) 142.0 5.0 1.5 2.5 103.0 10.0 1.0 0.5
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In addition, BMSCs are cultured in 24-well culture plates 
at a concentration of 0.5×104 cell/ml for 48 hours, and the 
spreading morphology is detected by calcein (MCE, USA), in 
which the images are obtained by using a fluorescence micro-
scope (Olympus, Japan) with a 40× magnification. In order 
to detect the osteogenic cell differentiation, 0.1×104 cells/mL 
BMSCs are plated in 24-well plates and cultured with the F12 
medium. The medium is replaced by osteogenic differentiation 
basal medium (Cyagen, China) after 24 hours, and the medium 
is changed every three days for 10-14 days. Matrix mineraliza-
tion and bone-like nodule formation are detected by staining 
with xylenol orange (XO; Sigma-Aldrich, USA) according to 
specifications, and images of Mineralized matter are obtained 
using a fluorescence microscope (Olympus, Japan) with a 40× 
magnification.

Statistical analyses in this study are performed using 
SPSS version 22.0 software, and GraphPad Prism 7. Data 
are expressed as the mean ± SD. The differences among 
three or more groups are compared using the one-way analy-
sis of variance (ANOVA) analysis followed by Tukey post 
hoc test. All tests are two-sided, and P<0.05 is considered 
statistically significant.

3 � Results and discussion

3.1 � Effect of average power on LST of pure titanium

To realize the fabrication of high precision surface textures 
on pure titanium, effects of laser processing parameters on 
the precision of ablated surface textures by picosecond 
pulsed laser ablation are investigated. The single pulse 
energy Ep is determined by average power Pavg and repetition 
frequency f  , as Ep =

Pavg

f
 . Under the same average power, a 

higher repetition frequency leads to a smaller single pulse 
energy, which is beneficial for reducing heat affected 
zone (HAZ). Moreover, the ratio of laser beam spot overlap 
increases with the increase in repetition frequency, which 

increases the surface integrity of ablated microgrooves with-
out pits formed. Thus, the maximum repetition frequency of 
1200 kHz is utilized to achieve the high efficiency and high 
precision laser micromachining. Therefore, the effects of 
average power and scanning speed on the precision of fab-
ricated textures in terms of texture depth and width, as well 
as ablated surface quality, are investigated.

Average powers ranging from 1.8 W to 9 W with an inter-
val of 0.6 W are considered to study the effect of average 
power on the LST of pure titanium. The other laser pro-
cessing parameters are the same for each average power, 
as a repetition frequency of 1200 kHz, a scanning speed of 
100 mm/s and a laser beam diameter of 30 μm. Figure 2a 
shows the image of ablated pure titanium sample, on which 
the formed microgrooves are visible for average power no 
less than 3 W. Figure 2b further shows the enlarged image 
of four neighboring microgrooves by optical microscopy, 
which demonstrates that individual grooves fabricated on 
pure titanium has good straightness and uniform width. In 
addition, Fig. 2b further presents the pitches between neigh-
boring grooves. The errors of pitches between each other are 
0.8%, 1.9% and 1.4%, which indicate the high machining 
accuracy of the LST of pure titanium.

Figure 3 further shows the microscopic morphology of 
individual microgrooves at different average powers of 5.4  
W, 6 W, 6.6 W and 7.2 W. It is seen from Fig. 3a that for the  
average power of 5.4 W, the ablated microgroove surface 
with shallow depth is flat and smooth, and ablated surface 
has good quality accompanied with limited HAZ. For the 
average power of 6 W, both the depth and the width of 
ablated microgroove increase significantly, and the high 
quality of ablated microgroove surface is remained with no 
obvious cracks and irregular damages formed, as shown in 
Fig 3b. With the further increase of average power to 6.6 W 
and 7.2 W, the depth and the width of ablated microgrooves 
both increase, but the quality of ablated microgrooves sur-
face deteriorates accompanied by the formation of consid-
erable cracks and irregular damages at the microgroove 
edge, as shown in Fig. 3c, d.

Fig. 2   Morphology of micro-
grooves on pure titanium by 
LST under different average 
powers. (a) Global view; (b) 
Enlarged view
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Above results indicate that the applied average power 
has a significant effect on the microscopic morphology and 
quality of the microgroove. The material removal of pure 
titanium under low average power is mainly dominated by 
gasification [29], which corresponds to the weak ablation 
stage accompanied with shallow ablation depth of the micro-
groove. Since the reaction force in the ablated area is small, 
there is no cracking observed on the ablated surface. With 
the increase of average power, a strong ablation effect on the 
pure titanium material is produced, and the ablation removal 
effect of pure titanium material is further strengthened [30], 
which leads to increases in both the depth and the width of 
ablated microgrooves. However, when the average power 
is further increased, the pure titanium in the ablation area 
undergoes strong ablation with irregular material removal, 
which results in rough surface of ablated microgrooves. Part 
of deposited laser energy diffuses into the ablation micro-
grooves, leading to significant thermal damage of groove 
bottom. Due to the strong internal thermal stress, cracks and 
irregularities gradually appear on the edges of laser ablated 
microgrooves, resulting in poor surface integrity of ablated 
microgrooves and severe ablation damage.

The depth and the width of ablated microgrooves at dif-
ferent average powers are measured at three random loca-
tions by a white light interferometer. The variation of aver-
aged depth and width of ablated microgrooves with average 
power is shown in Fig. 4a, b, respectively. It can be seen 
that both the depth and the width of microgrooves firstly 
increase with the increase in average power no higher than 
6 W, indicating that the ablation process of pure titanium 
material has gradually changed from weak ablation to strong  

ablation. Since the distribution of single pulse laser energy 
follows the Gaussian distribution in spatial domain, the 
increase in laser energy enhances the intensity of laser beam 
in the ablation area, which leads to an increase in the depth 
and the width of ablated groove up to an average power of 
6.6 W. However, the depth decreases significantly with a fur-
ther increase in average power higher than 6.6 W, as shown 
in Fig. 4a. Furthermore, the width decreases immediately for 
an average power above 6 W, which indicates that this is a 
critical value of average power for achieving a high ablation 
accuracy of pure titanium textures in terms of high groove 
quality and high precision morphology.

3.2 � Effect of scanning speed on LST of pure titanium

To study the effect of scanning speed on the LST of pure 
titanium, scanning speeds ranging from 50 mm/s to 150 
mm/s are considered. And the other laser processing param-
eters are the same for each scanning speed, as a repetition 
frequency of 1200 kHz, an average power of 6.0 W and a 
laser beam diameter of 30 μm. Figure 5a shows the image 
of ablated pure titanium sample, on which the formed 
microgrooves are visible for all the scanning speeds. Figure  
5b further shows the enlarged image of four neighboring 
microgrooves by optical microscopy, which demonstrates 
that individual microgrooves fabricated on pure titanium 
has good straightness and uniform width for all the scan-
ning speeds. In addition, Fig. 5b further presents the pitches 
between neighboring microgrooves. The errors of pitches 
between each other are 1.9%, 1.4% and 1.4%, which indicate 
the high machining accuracy of the LST of pure titanium.

Fig. 3   Optical image of micro-
groove profile under different 
average powers: (a) 5.4 W; (b) 
6.0 W; (c) 6.6 W; (d) 7.2 W
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Figure 6 further shows microscopic morphologies of 
individual microgrooves at different scanning speeds of 
90 mm/s, 100 mm/s, 110 mm/s and 120 mm/s. Figure 6a 
shows that for the scanning speed of 90 mm/s, the ablated 
microgroove surface with large depth is rough, and the poor 
quality of ablated microgroove surface remains with obvi-
ous cracks and irregular damages. When the scanning speed 
is increased to 100 mm/s, the ablated microgroove surface 
is flat and smooth, and ablated surface has a good quality 
accompanied with limited HAZ, as shown in Fig. 6b. With 
the further increase in scanning speed to 110 mm/s and 
120 mm/s, there are pits appeared on the ablated micro-
grooves, as shown in Fig. 6c, d. When the scanning speed 
is low, part of deposited laser energy diffuses into the abla-
tion microgrooves, leading to significant thermal damage 
of groove bottom. Accompanied with the strong internal 
thermal stress, cracks and irregularities gradually appear on 
the edges of laser ablated microgrooves, resulting in poor 
surface integrity of ablated microgrooves and severe ablation 

damage. With the increase in laser scanning speed, the pure 
titanium material in the ablation area undergoes weak abla-
tion dominated by gasification, which leads to the decrease 
in the depth of microgrooves, and no crack is observed due to  
the small reaction force. In addition, the ratio of laser spot 
overlap is decreased with the increase in scanning speed, 
which results in the increase in the distance between adja-
cent laser spots accompanied with the formation of pits on 
the ablated microgrooves.

The depth and the width of ablated microgrooves at dif-
ferent scanning speeds are measured at three random loca-
tions by a white light interferometer. The variation of aver-
aged depth and width of ablated microgrooves with scanning 
speed is plotted in Fig. 7a, b, respectively. It can be seen 
from Fig. 7a that the depth of microgrooves first decreases 
rapidly with the increase in scanning speed no higher than 
70 mm/s, after which the depth remains unchanged for the 
scanning speeds between 70 mm/s and 100 mm/s. With 
the further increase in scanning speed, however, the depth 

Fig. 4   Variations of (a) depth and (b) width of microgrooves with average power

Fig. 5   Morphology of micro-
grooves on pure titanium by 
LST under different scanning 
speeds. (a) Global view; (b) 
Enlarged view
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decreases dramatically. In contrast, Fig. 7b shows that the 
width of microgrooves is almost independent on scanning 
speed. Since the laser energy of single pulse follows the 
Gaussian spatial distribution, the change of scanning speed 
does not alter the laser intensity in the ablation area, which 
thus does not lead to the variation of microgroove width. 
Thus, the scanning speed of 100 mm/s should be used to 
achieve high accuracy of pure titanium textures in terms of 
high groove quality and high precision morphology.

3.3 � LST of mesh‑type texture on pure titanium

Above investigations on the dependence of LST of pure 
titanium on laser processing parameters indicate that the 
optimized average power and scanning speed is 6 W and 
100 mm/s, respectively. Figure 8a shows SEM image of the 
ablated microgroove by using the optimized laser process-
ing parameters, which demonstrates that the microgroove is 
straight and uniform in width. Figure 8b further shows SEM 

Fig. 6   Optical images of micro-
groove profile under different 
scanning speeds: (a) 90 mm/s; 
(b) 100 mm/s; (c) 110 mm/s; 
(d) 120 mm/s

Fig. 7   Variations of (a) depth and (b) width of microgrooves with scanning speed
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image of enlarged views of microgroove highlighted by the 
dash rectangle shown in Fig. 8a, which demonstrates min-
ute cracks observed at bottom and edge of the microgroove 
caused by the redeposition of volatile titanium.

Therefore, the mesh-type texture with a width of 60 μm, 
a depth of 30 μm and a pitch of 200 μm is processed by 
LST using the optimized parameters. The strategy of cyclic 
scanning of complete mesh-type texture, rather than cyclic 
machining of single microgrooves, is adopted in the process-
ing of surface textures to minimize the strong HAZ caused 
by the continuous diffusion of deposited laser energy into the 
microgrooves. Specifically, in the surface texturing process 
of the mesh-type textures, the laser beam firstly horizontally 
ablates parallel lines with pitch of 200 μm on the surface, 
and then, longitudinally ablates the parallel lines with pitch 
of 200 μm. And this process is repeated for 120 times to 
achieve a texture depth of 30 μm.

Figure 9a shows SEM image of the as-fabricated mesh-
type textures on pure titanium, which demonstrates that each 
unit cell of the textures is evenly distributed and uniform 
in size. Figure 9b further presents SEM image of enlarged 
view of unit cell, which indicates that the unit cell of the 
textures is approximately square. However, the edge of the 
texture unit cell is rough and has a thick material accumula-
tion layer, which can be attributed to the utilized strategy of 
cyclic scanning that provides sufficient time for the cooling 
and solidification of ablated material.

Figure 10a shows the optical image of the fabricated 
mesh-type textures, which demonstrates that the ablated 
microgroove surface is flat and smooth with no obvious 
cracks and edge breakages formed. It can be seen that the 
mesh-type texture has a width of 59 μm and a pitch of 198 
μm. The error in width and pitch with the designed value is 
1.0% and 1.6%, respectively. Figure 10b further shows the 
topography of mesh-type textures characterized by a white 
light interferometer, which demonstrates that the fabricated 
texture has good straightness and uniform distributions 
in shape, width, depth and pitch. Specifically, the average 
depth of microgrooves is approximately 30.9 μm, which has 
a deviation of 3% from designed value of 30 μm. Above low 
deviations in fabricated texture geometries from designed 
ones indicate the high machining accuracy of the LST of 
pure titanium.

3.4 � Surface wettability of mesh‑type textures 
on pure titanium

Figure 11a, b presents the evolution of DD water droplet 
profile on non-textured Ti surface and textured Ti-tex sur-
face with time, respectively, which indicates that the con-
tact angles for both surfaces decrease with time due to the 
decrease in surface tension with time. However, compared 
with the evolution of DD droplet profile on non-textured Ti 
surface, the evolution of the height and the occupied area of 

Fig. 8   SEM image of the 
ablated microgroove by using 
the optimized laser processing 
parameters. (a) Global view; (b) 
Enlarged view

Fig. 9   SEM images of mesh-
type textures fabricated on pure 
titanium: (a) Global view; (b) 
Enlarged view
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DD droplet on textured Ti-tex surface is more significant.  
In addition, DD droplet on textured Ti-tex surface has 
smaller height and larger occupied area than that on  
non-textured Ti surface at the same time. Thus, the contact 
angle of DD droplet on textured Ti-tex surface is smaller 
than that on non-textured Ti surface.

Figure 12 plots variations of contact angle of DD water 
and m-SBF droplets with time on non-textured Ti sur-
face and textured Ti-tex surface, which demonstrates the 
decrease in contact angle with time for each case, due to 
the decrease in surface tension. It can be seen from Fig. 12 
that compared to the non-textured Ti surface, the decrease 
in contact angle with time for the textured Ti-tex surface 
is more pronounced for DD water and m-SBF, indicating 
a better wettability of the textured Ti-tex surface than the 
non-textured Ti surface. Surface wettability is known to be 
closely related with the surface topography produced by 
surface texture. According to Wenzel’s theory [31], since 
pure titanium is a hydrophilic material, the direction of 

the capillary force is downward, which makes the liquid 
easily entering the textures to form a non-composite wet-
tability model, leading to the increase in droplet diffusion 
in the groove. Thus, the initial hydrophilicity of the metal 
surface is amplified by the presence of surface textures. 
Furthermore, Fig. 12 indicates that the contact angle of 
DD water is slightly smaller than that of m-SBF, which 
is attributed to the higher concentration-induced higher 
surface tension of m-SBF than that of DD water.

The kinetics of droplet spreading on the non-textured Ti 
surface and the textured Ti-tex surface is further evaluated 
by fitting the contact angle-time curves according to Eq. 
(1) [32]:

where y and x represent the dynamic contact angle and time, 
respectively. k is empirical coefficients of initial contact 
angle, and n is spreading coefficient. As shown in Fig. 12,  
all the experimental data are fitted well by Eq. (1), with 

(1)y(x) = kxn

Fig. 10   Geometry of mesh-
type texture fabricated on pure 
titanium characterized by (a) 
optical microscope and (b) 
white light interferometer

Fig. 11   Variations of contact angle of DD water droplet with time on (a) non-textured Ti surface and (b) textured Ti-tex surface
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correlation coefficients (R2) in the range of 0.90–0.96. 
Special attention is given to the value of droplet spreading 
coefficient n, and a higher value of n indicates a faster drop 
spreading kinetics [33, 34]. Table 3 lists derived values of 
n by fitting the experimental data shown in Fig. 12, which 
demonstrates that the spreading coefficient for the textured 
Ti-tex surface is higher than that of non-textured Ti surface 
for both DD water and m-SBF. Furthermore, the spread-
ing coefficient of 0.051 for m-SBF droplet is approximately 
11% higher than that of 0.046 for DD water. Thus, the as-
fabricated mesh-type surface texture considerably affects the 
liquids spreading kinetics, due to the increase in the overall 
surface area and the surface free energy [35].

3.5 � Biocompatibility of mesh‑type textures on pure 
titanium

The viability of BMSCs is investigated 48 hours after cell 
seeding. Figure 13 shows that the viability of BMSC cells in 
the textured Ti-tex surface is significantly higher than that in 
the non-textured Ti surface, as the average cell viability in 
the textured Ti-tex surface (0.656±0.106) is more than twice 
as much as in the non-textured Ti surface (0.277±0.048). 
Figure 12 shows that the contact angle of textured surface 
is significantly lower than that of non-textured one, which 
is in line with the degree of cell proliferation and adhesion 

shown in Fig. 13. This indicates that the cells grow better on 
the textured Ti-tex surface than that on the non-textured Ti 
surface, as the smaller contact angles of the textured Ti-tex 
surface are conducive to cell attachment and cell anchorages. 
Thus, the as-fabricated mesh-type surface textures are effec-
tive in promoting cell adhesion and proliferation.

The images of cell spreading and morphology are shown 
in Fig. 14, which demonstrates that the cells cultured on 
the non-textured Ti surface and the cells of control surface 
do not expand significantly after 48 hours of cell culture. 
On the contrary, the BMSCs cultured on the textured Ti-tex 
surface spread and are stretched broadly and uniformly on 
the surface. Furthermore, the growth status and distribution 
density of cells on the textured Ti-tex surface are more uni-
form than that on the non-textured Ti surface. Furthermore, 
the cells show better adhesion behavior on the textured Ti-
tex surface than that on the non-textured Ti surface. Above 

Fig. 12   Variations of contact 
angle with time for DD water 
and m-SBF droplets on non-
textured Ti surface and textured 
Ti-tex surface

Table 3   Spreading coefficient n calculated by fitting of experimental 
data

Sample DD water m-SBF
n R2 n R2

Non-textured –0.02212 0.90 –0.028 0.96
Textured –0.07079 0.93 –0.07317 0.95

Fig. 13   Cell viability in the Control surface, non-textured Ti surface 
and textured Ti-tex surface. All data are expressed as the mean ± SD 
(n=3). ***P<0.01
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results indicate that the mesh-type surface textures have a 
strong impact on cell spreading, morphology and uniform 
distribution. When cells adhere to the microgroove surface, 
the mechanical effects accompanied with the microtopogra-
phy stimulate actin in the cytoskeleton, which in turn causes 
the cytoskeleton to expand to contact along the microgroove 
[36]. At the same time, the cytoskeleton tends to be stretched 
along the same plane. When the cytoskeleton touches the 
microgroove boundary during the stretching process, it 
automatically alters the stretching direction to along groove 
direction, thus avoiding the extension out of the groove. Fur-
thermore, while cells are stretched randomly on the non-
textured Ti surface, the cell growth on the textured Ti-tex 
surface is along the groove direction, exhibiting a significant 
contact guidance phenomenon. Therefore, the as-fabricated 
mesh-type surface textures are effective in facilitating the 
uniform growth and distribution of BMSCs.

The differentiation of cells into an osteoblastic lineage 
is investigated 10-14 days after culturing. After induction 
of osteogenic differentiation of BMSC, a certain number 
of mineralized nodules are produced on the BMSCs sur-
face. Figure 15a presents fluorescent images of mineralized 
nodules distributions for the three types of surfaces, which 
demonstrates that number of mineralized nodules for the tex-
tured Ti-tex surface is significantly higher than that for the 
non-textured Ti surface and the Control surface. Figure 15b 

further quantifies the number of mineralized nodules for 
the three types of surfaces by XO-Fluorescence intensity, 
which indicates that the average fluorescence intensity in 
textured Ti-tex surface (408.25±7.71) is the highest and 
is 230% higher than that of the non-textured Ti surface 
(123.58±8.21). While bone mineralization occurs when cal-
cium or phosphorus is precipitated in osteoblasts [37], thus 
the higher number of mineralized nodules for the textured 
Ti-tex surface than that for the non-textured Ti surface sug-
gests that the mesh-type textures significantly facilitate the 
degree of differentiation of BMSCs into osteoblasts. There-
fore, it indicates that textured Ti-tex surface can effectively 
promote the transformation of mesenchymal stem cells into 
osteoblasts, as well as the formation of mineralized nodules 
in the osteogenic induction environment. This can be attrib-
uted to the increased surface area and surface roughness by 
the surface texturing, which is beneficial for improving the 
adhesion, spreading and proliferation of cells.

4 � Summary

In summary, we investigate the fabrication and the evalua-
tion of surface wettability and biocompatibility of mesh-type 
textures on pure titanium fabricated by picosecond pulsed 
laser ablation. In a careful investigation of the effect of laser 

Fig. 14   Representative fluores-
cent images of cell spreading 
and morphology in Control 
surface, non-textured Ti surface 
and textured Ti-tex surface 
(n=3)

Fig. 15   Osteogenic cell dif-
ferentiation. (A) Representative 
fluorescent images of osteo-
genic cell differentiation. (B) 
XO-Fluorescence intensity. 
All data are expressed as the 
mean ± SD (n=3). ***P<0.01, 
****P<0.001
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processing parameters, we find an optimum of an average 
power at 6 W and of a scanning speed at 100 mm/s, which 
are selected for achieving a high accuracy of pure titanium 
textures in terms of high groove quality and high precision 
morphology. With the optimized laser processing param-
eters, precision mesh-type textures with a width of 60 μm, a 
depth of 30 μm and a pitch of 200 μm are fabricated on pure 
titanium. Subsequent evaluations of surface wettability and 
biocompatibility demonstrate that the as-fabricated surface 
texture is effective in facilitating droplet diffusion accom-
panied with decreased contact angle for both DD water and 
m-SBF, as well as in facilitating growth, spreading and dif-
ferentiation of BMSC cells due to the better wettability of 
the textured surface.
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