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Abstract
Background. Ceramic endosseous implant coatings have gained esteem due to their favorable osteo-
inductive and osteoconductive properties. However, such a  layer may be prone to failure under in vivo 
conditions, which necessitates its modification.

Objectives. The aim of the present study was to modify an electrodeposited hydroxyapatite (HA) coating 
on titanium (Ti) with ultrashort-pulsed lasers for the incorporation of the ceramic into the sample surface 
and the texturing of the metal surface. The obtained surface was planned for application on the endosseous 
implant surface to enhance osseointegration. To our knowledge, such laser modification of a HA coating 
has not been performed previously. 

Material and methods. Four different HA coatings were created (A–D). Each coating was conditioned 
with 4 different laser irradiations (1-4 to 4-4), carried out using different power, velocity and frequency 
settings. The surface features of the laser-irradiated coatings were analyzed.

Results. The laser modifications of the HA coatings resulted in 2 kinds of surfaces. Laser-induced periodic 
surface structure (LIPSS) texturing could be observed on quadrants 1-4 to 3-4, with parallel grooves and 
HA crystals melted and sintered into spherical structures. The 4-4 laser surface conditioning did not altered 
the needle-like morphology of the HA coating. The LIPSS–fusion modification decreased the water contact 
angle of the samples.

Conclusions. The ultrashort-pulsed laser modification of the HA coating for regimes 1-4 to 3-4 resulted 
in the LIPSS texturing of the Ti surface with HA sinterization. Further biological analyses are necessary to 
evaluate the cell and tissue response to such laser-modified HA coating on Ti.
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Introduction
Osseointegration, defined as a  direct structural and 

functional connection between ordered living bone and 
the surface of  a  load-carrying implant, is a  key factor 
of clinical success in dental implant rehabilitation.1,2 The 
goal of modern implantology is rapid and strong osseo-
integration. There are many factors affecting osseointe-
gration, such as implant factors, host factors, the surgical 
technique, the healing time, and the loading conditions.3 
Among implant factors, implant composition, biocom-
patibility, macroscopic and microscopic surface topogra-
phy and treatment, osteogenic biological coatings, surface 
energy, and wettability can influence the osseointegration 
process.3 Continuous research is focused on developing 
an implant with features favoring osseointegration. There 
are numerous procedures to modify the implant surface. 
Surface topography can be modified by blasting or etch-
ing.4,5 A  biological coating can be obtained by adding 
compounds affecting osteoblasts, such as hydroxyapatite 
(HA).6,7 Wettability can be improved by the immersion 
of the modified titanium (Ti) implant in an isotonic solu-
tion at low pH or by photo-functionalization.2,8

One of  the more recent techniques of  surface modifi-
cation is laser treatment. Precise, organized, nano- or 
micrometer surface structures,9,10 can be manufactured 
using this technique, with a reduced risk of surface con-
tamination.11 Among different kinds of  laser surface 
treatment, ultrashort-pulsed lasers have recently been in-
vestigated as a potential structuring tool for biomedical 
implants.12,13 The technique focuses energy in time and 
space, resulting in laser-induced periodic surface struc-
ture (LIPSS) texturing, with minimal thermal damage. 
The LIPSS are self-organized formations observed on the 
surfaces treated with polarized laser radiation.10

Hydroxyapatite, Ca10(PO4)6(OH)2, is a mineral from the 
family of apatites.14,15 It is a natural component of bones 
and tooth tissue. Hydroxyapatite in the form of crystals 
provides the structural stability and hardness of the bone. 
It is also involved in the bone regeneration process, since 
it exhibits osteoinductive and osteoconductive proper-
ties. Synthetic HA, on the other hand, is currently used 
for bone repair, as well as for bone regeneration. In im-
plantology, HA coatings on the implant surface have been 
used for many years as bioactive coatings.16,17 Such a ce-
ramic coating improves osseointegration and provides 
long-term in vivo functionality.16,17 Those features are re-
lated to the great capacity of HA for adsorbing proteins, 
improving osteoblast proliferation, enhancing bone for-
mation, reducing bone loss, and augmenting osteogenic 
activity through the direct release of  calcium (Ca) and 
phosphate ions.7,17,18 Hydroxyapatite used as a  coating 
for endosseous implants has been reported to be an ef-
fective material for the bone–implant interface because 
of its similarity to the mineral phase of natural bone tis-
sue.7 Hydroxyapatite coatings can be applied on the im-

plant surface with different techniques, such as plasma 
spraying, biomimetic deposition, the sol–gel technique, 
or electrophoretic deposition.7,14,17 Some techniques, i.e., 
plasma spraying, utilize high temperatures, generating 
a large amount of amorphous HA and providing a micro-
cracked thick coating.7,14 Such a layer is prone to failure 
under in vivo conditions because of its high bio-dissolu-
tion rate, disintegration with the formation of debris par-
ticles, and the risk of delamination caused by low bond 
strength with Ti.14,17 Conversely, the electrodeposition 
of HA is conducted at relatively low temperatures, elimi-
nating the risk of the synthesis of amorphous HA.19 The 
dissolution and bond strength degradation of the electro-
deposited coatings are reported to be much lower than 
those of the plasma-sprayed coatings.19,20 Also, a coating 
thickness of less than 1 µm increases delamination resis-
tance.19,21 The electrodeposition process can also result in 
good conformability to the shape of the component and 
in coating homogeneity.19 However, the elevated tempera-
ture during electrodeposition results in decreased coating 
adhesion to the substrate as compared to the processes 
conducted at room temperature.19,22 To incorporate HA 
into the Ti surface and reduce the risk of delamination, 
laser conditioning is applied. The obtained LIPSS are also 
meant to enhance cell differentiation, improving the os-
seointegration of such modified endosseous implants.23,24

In this article, we present a thin HA coating on Ti, ob-
tained by electrophoretic deposition processed with laser 
irradiation, using different laser parameters, for the in-
corporation of  the ceramic into the sample surface and 
the texturing of the metal surface. The influence of laser 
irradiation on the ceramic coating was analyzed, and the 
modification with the most promising osteoconductive 
properties was determined. To our knowledge, such la-
ser modification of HA coatings has not been performed 
previously.

Material and methods

Sample preparation 

The samples were prepared from Ti grade 4 ASTM 
B348 EN10204/3.1. Disks with a diameter of 14 mm and 
a thickness of 2 mm were milled from Ti rods. The sample 
surface was sandblasted using alumina (Al2O3) with a par-
ticle size of 53–75 µm at a pressure of 4 atm.

Electrochemical deposition of hydroxyapatite 

The HA coating was electrodeposited on a  working 
electrode – commercially pure Ti disks with a diameter 
of 14 mm and a thickness of 2 mm, fused with the Ti rod. 
As a  counter electrode, a  10  cm × 10  cm platinum (Pt) 
mesh was used. The electrolyte was composed of 4.16 × 
10–4 M CaCl2, 2.5 × 10–4 M NaH2PO4 and 0.2 M NaCl in 
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distilled water, with pH adjusted to 6.3. An Autolab po-
tentiostat-galvanostat (PGSTAT302N; Metrohm Autolab, 
Utrecht, the Netherlands) with a  2-electrode system in 
a galvanostatic mode was used. The process was carried 
out in a 100 mL 3-neck flask, used as an electrochemical 
reactor, immersed in an oil bath at 105°C. Electrodeposi-
tion was conducted for 60 min with a current of 5 mA, 
120 min with a current of 30 mA, 120 min with a current 
of 10 mA, and 60 min with a current of 30 mA for samples 
A–D, respectively.

The electrodeposition of  HA on a  Ti surface oc-
curs according to the following chemical reaction: 
10Ca2+ + 6PO4

3– + 2OH– → Ca10(PO4)6(OH)2. Such a re-
action is triggered by the increased pH on the cathode 
surface, caused by the formation of hydroxide ions from 
the reduction of water 2H20 + 2e → 2OH– + H2. The pH 
alteration generates a critical supersaturation status at the 
interface of the electrode and the electrolyte for the pre-
cipitation of HA, and triggers the nucleation and growth 
of the HA coating.25

Laser treatment 

The laser experimental setup shown in Fig.  1 was 
used for the sintering of HA particles on a Ti substrate. 
A  laser system (Pharos P-20; Light Conversion, Vilnius, 
Lithuania) providing femtosecond pulses (τ  =  213  fs) at 
a  central wavelength of  1,030  nm with a  spectral width 
of  15  nm, M² ≃  1.1, was used. Upon irradiation, the Ti 
samples were fixed on the Ti substrate in an  air atmo-
sphere, and the laser beam was focused on the Ti surface 
with a spot diameter of 10.4 µm (at level 1/e2). A scanning 
mode with various overlaps was used for irradiation.

The surface of  each Ti disk was divided into 4 quad-
rants. Each quadrant was numbered from 1-4 to 4-4, and 
was modified according to the parameters presented in 
Table 1.

Surface analysis 

A Hitachi S-3400N scanning electron microscope 
(SEM) (Hitachi High-Technologies Corporation, Tokyo, 
Japan) was used to obtain micrographs of the investigated 
samples. Two magnifications, ×1,000 and ×5,000, were 
used. Contact profilometry was performed to analyze sur-

face roughness. A T8000 profilometer (Hommel-Etamic, 
Herrenberg, Germany) with the EVOVIS software was 
used. Each quadrant was analyzed on the 3 profiles. 
An experimental sector of 8.0 mm was selected in accor-
dance with PN-EN ISO 4287. A total number of 48 anal-
yses were performed. Parameters Ra, Rt and RSm were 
measured. The results were expressed as mean ± standard 
deviation (M ±SD).

Surface chemical composition 

The chemical composition of  the surface was deter-
mined using the energy-dispersive spectroscopy (EDS) 
analysis, the X-ray diffraction (XRD) analysis and the Ra-
man spectroscopy analysis. The semi-quantitative chemi-
cal composition of  the samples was determined using 
EDS (model No. 4481B-1UES-SN with the NSS Spectral 
Imaging System software; Thermo Fisher Scientific, 
Waltham, USA). The Raman spectroscopy analysis was 
conducted using the inVia™ Raman system (Renishaw, 
Wotton-under-Edge, UK). Raman spectra were collected 
in the spectral range of 200–4,000 cm−1, using a 785 nm 
laser and a 1,200 l/mm diffraction grating. The XRD anal-
ysis was performed using an XRD diffractometer (D8 Ad-
vance; Bruker, Billerica, USA) with copper (Cu) lamp ra-
diation. X-ray spectra were recorded in the angular range 
of 20–80° 2Θ, with a step size of 0.02° and a normalized 
count time of 2 s/step. The XRD analysis was conducted 
for each section of the disk. Lead (Pb) foil covered the 3 
quadrants not being analyzed. The diffraction patterns in 
the angle range of HA reflexes were also performed. The 
identification of HA was based on the literature and the 
International Centre for Diffraction Data (ICDD 01-086-
0740 data).26–28

Static contact angle studies 

The contact angle of the sample surfaces was measured 
using a Theta Flex optical tensiometer (Biolin Scientific, 
Västra Frölunda, Göteborg, Sweden) at room tempera-
ture (22°C). The water contact angle of  the 4 quadrants 
of  each sample was evaluated by static contact angle 
measurements, utilizing the sessile drop method. A 1-mi-
croliter droplet of distilled water was placed on the dry 

Fig. 1. Laser experimental setup

1 – laser; 2 – polarizer; 3 – telescope; 4 – galvanoscanner; 5 – lens; 
6 – sample; 7 – coordinate table.

Table 1. Parameters for the laser modifications of the hydroxyapatite 
(HA)-coated titanium (Ti) samples

Quadrant Modification P  
[W]

V  
[m/s]

RR  
[kHz]

Steps  
per μm

1-4
LIPSS 0.33 1.000 500 5

fusion 0.50 0.050 500 5

2-4 sintering 1.00 0.075 1,000 5

3-4 sintering 1.00 0.100 1,000 5

4-4 sintering 0.80 0.100 1,000 5

P – power; V – velocity; RR – frequency; LIPSS – laser-induced periodic 
surface structures.
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surface of each quadrant of  the studied sample, and the 
image of the drop was recorded for 10 s. An average value 
of  the contact angle was calculated based on at least 5 
measurements. The static contact angle was then defined 
by fitting the Young–Laplace equation to the droplet. The 
results were expressed as M ±SD.

Results

Surface analysis 

Morphology and topography studies 

The SEM images of the HA coating after electrodeposi-
tion and laser modification are presented in Fig. 2. The 
HA coating on sample A-4-4 presented a layer of spheri-
cal crystals with a diameter of less than 5 µm. Hydroxyap-
atite crystals did not completely cover the Ti surface. On 
sample B-4-4, the HA coating was composed of a contin-
uous layer of needle-like crystals with a diameter of about 
5 µm and a length of up to 20 µm. The HA coating was 
dense, with tightly packed crystals. The surface of sample 
C-4-4 was covered in short, needle-like crystals with a di-
ameter of  about 2  µm and a  length of  up to 5  µm. The 
crystals were not covering the Ti surface continuously. 
Sample D-4-4 was covered by a layer of short, needle-like 
crystals with a diameter of 1 µm and a length of 2 µm. The 
sample surface was not completely covered with crystals, 
and the packing of the crystals was not as dense as in the 
case of the B samples. On top of the layer of short crystals, 
foci of long, needle-like crystals with a diameter of 5 µm 
and length of up to 60 µm were present. Laser modifica-
tions from 1-4 up to 3-4 eliminated the needle-like shape 
of  the crystals. Spherical structures were present after 
such modifications. Also, the Ti surface was modified. Af-
ter laser modifications 1-4 to 3-4, the Ti surface exhibited 
parallel grooves with a width of about 2 µm. The depth 

of the grooves increased from 3-4 up to 1-4 modifications. 
Limited flat areas of the sample surfaces were not covered 
by grooves and presented spherical structures of  about 
1 µm in diameter.

Contact profilometry 

The roughness of the analyzed surfaces expressed as Ra 
and Rt is presented in Table 2. The Ra values, which are 
the arithmetic means of the absolute values of the rough-
ness profile ordinates, ranged from 1.32  µm for C-4-4 
up to 1.85  µm for A-1-4. For samples B and C, the 2-4 
type of  laser conditioning resulted in the highest Ra pa-
rameters, whereas for samples A  and D, the highest Ra 
parameters were found in conditions 1-4 and 3-4, respec-
tively. The parameter Rt, defined as the total height of the 
profile, is the vertical distance between the maximum 
profile peak height and the maximum profile valley depth 
along the evaluation length. The Rt values for the ana-
lyzed samples ranged from 10.65 µm for sample C-4-4 up 
to 17.12 µm for sample C-2-4. The highest Rt values were 
noted for the 1-4 laser modification for samples A and B, 
and for the 2-4 and 4-4 modifications for samples C and 
D, respectively.

Surface chemical composition 

Energy-dispersive spectroscopy (EDS) analysis 

The EDS analysis revealed the peaks mainly from Ti, 
oxygen (O), Ca, phosphorus (P), and aluminum (Al)  
(Table 3).

Fig. 2. Scanning electron microscopy (SEM) images of the electrodeposited 
hydroxyapatite (HA) after laser modifications, quadrants 1-4 to 4-4

magnification ×5,000.

Table 2. Surfaces roughness parameters (Ra and Rt) for 4 different laser 
modifications of the analyzed samples

Sample and quadrant Ra [µm] Rt [µm]

A-4-4 1.67 ±0.04 14.73 ±0.80

A-3-4 1.56 ±0.07 14.82 ±0.82

A-2-4 1.66 ±0.07 14.25 ±1.71

A-1-4 1.85 ±0.12 15.09 ±3.31

B-4-4 1.70 ±0.18 15.17 ±0.98

B-3-4 1.68 ±0.05 13.68 ±1.23

B-2-4 1.79 ±0.12 14.94 ±2.30

B-1-4 1.72 ±0.04 15.74 ±1.10

C-4-4 1.32 ±0.13 10.65 ±1.45

C-3-4 1.50 ±0.04 15.19 ±0.24

C-2-4 1.73 ±0.05 17.12 ±2.70

C-1-4 1.50 ±0.07 14.06 ±1.36

D-4-4 1.60 ±0.11 15.81 ±2.71

D-3-4 1.74 ±0.06 14.66 ±1.60

D-2-4 1.60 ±0.10 13.09 ±0.10

D-1-4 1.70 ±0.06 14.89 ±2.08

Data presented as mean ± standard deviation (M ±SD).
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The concentrations of  Ca and P were the highest on 
the 4-4 quadrants. Among those quadrants, the Ca and 
P concentrations were the highest for sample B and the 
lowest for sample A. Laser processing 1-4 up to 3-4 result-
ed in a decrease in the Ca and P concentrations. In most 
cases, a decrease in the Ca and P concentrations could be 
observed with the change of laser modification from 3-4 
to 1-4.

The O concentrations were the highest on the 4-4 quad-
rants. The level of oxygen decreased from quadrants 3-4 
to 1-4.

For samples A and B, the highest C concentrations were 
observed for quadrants 1-4, and the lowest for quadrants 
2-4 and 3-4, respectively. For samples C and D, the highest 
C concentrations were noted for quadrants 4-4, and the 
lowest for quadrants 1-4. For laser-sintered quadrants, 
the highest C concentrations were recorded for the 4-4 
quadrants.

X-ray diffraction (XRD) analysis 

Due to the shape of  the samples, the XRD tests were 
carried out using Pb as a background (Pb gives reflections 
at known constant values of  2Θ). The diffractograms 
contained images of  the tested samples and Pb. For the 
modified Ti surfaces, reflections from HA and Ti could be 
observed. The HA reflex at an angle of 25.8° 2Θ matching 
the (002) plane was recorded for almost all the samples 
(Fig. 3). The (113) plane matching the reflex at an angle 
of  35.4° 2Θ was overlapped by the reflexes from the Ti 
base, which may be attributed to a  thin HA layer. Hy-
droxyapatite was not detected on quadrants A-4-4, C-4-4 

and D-3-4. Based on the intensity of diffraction peaks for 
HA, we can order the quadrants as follows: C-2-4 > 1-4 > 
3-4 > 4-4; B-1-4 > 4-4 > 3-4 > 2-4; D-1-4 > 4-4 > 2-4 > 3-4; 
A-1-4 > 2-4 > 3-4 >4-4, with the greatest concentration 
of HA on sample C.

Raman spectroscopy analysis 

The Raman spectroscopy analysis confirmed the pres-
ence of HA on the 4th quadrant of all samples (Fig. 4). The 
presence of HA is manifested by the 4 bands appearing 
in the range 400–470 cm−1, 550–650 cm−1, 930–990 cm−1, 
and 1,010–1,070 cm−1, corresponding to the vibration in 
phosphate groups.29,30 The single, most intensive and nar-
row band occurring at 960 cm−1 with a full width at half 
maximum equal to 15 cm−1 confirmed the presence of HA 
without substitution by other ions in the crystal lattice.31 
No other forms of calcium phosphates were detected. Ra-
man spectroscopy did not identify HA on quadrants 1-4 
to 3-4.

Fig. 3. X-ray diffraction (XRD) patterns in the angle range of the hydroxyapatite 
(HA) reflexes on one quadrant of each sample with the most intense HA 
peaks

Fig. 4. Raman spectra of quadrants 4-4 for samples A–D

Table 3. Energy-dispersive spectroscopy (EDS) analysis of the 
hydroxyapatite (HA) coating with laser sintering, concerning the oxygen 
(O), calcium (Ca), phosphorus (P), and carbon (C) concentrations, 
expressed as weight percent (wt%)

Sample and quadrant Ti O Ca P C

A-4-4 54.76 32.45 0.47 0.31 1.08

A-3-4 61.19 22.67 0.03 0.04 0.83

A-2-4 71.21 27.93 0.01 0.04 0.77

A-1-4 69.63 18.99 0.02 0.05 1.27

B-4-4 39.38 36.39 9.01 5.04 1.91

B-3-4 57.33 32.32 0.61 0.40 0.63

B-2-4 73.78 18.87 1.71 1.06 1.12

B-1-4 77.16 19.79 0.55 0.36 2.14

C-4-4 52.75 33.77 1.84 1.07 1.51

C-3-4 61.47 30.78 0.24 0.16 0.50

C-2-4 64.69 24.50 0.07 0.09 0.72

C-1-4 81.01 13.41 0.07 0.05 0.48

D-4-4 45.95 34.67 2.72 1.86 1.47

D-3-4 63.00 23.23 0.05 0.10 1.06

D-2-4 63.57 21.07 0.04 0.09 1.43

D-1-4 73.92 17.05 0.13 0.10 0.98
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Contact angle studies 

The contact angle analysis displayed a range of results 
from 20.51° up to 161.5° (Table 4). The most hydrophilic 
samples were B and C, with contact angles of 20.51° and 
23.84°, respectively. These results were obtained for the 
1-4 laser surface modification. The contact angles for 
samples A  and D were greater than those of  samples C 
and B. Laser modification 4-4 resulted in the highest con-
tact angle for samples B and D.

Discussion
In the present study, 4 different techniques of HA la-

ser modification on a Ti substrate were used. For the 1-4 
laser modification, a  combination of  LIPSS and fusion 
was used, while for modifications 2-4 to 4-4, a sintering 
process with different parameters was implemented. The 
result of laser surface treatment depends on power den-
sity, which is correlated with the number of pulses and the 
speed of beam movement.

The 4-4 surface modification did not alter the crystal 
structure of the HA coating, as shown in the SEM images. 
The characteristics of  the electrodeposited HA coating 
without laser modifications are discussed in our previous 
study.17 On the other hand, modifications 1-4 up to 3-4 
eliminated the crystal structure of HA, leaving spherical 
residues, as well as caused alterations in the Ti surface, 
leaving a microgroove pattern. In those surface modifica-
tions, the effects of laser melting and vaporization can be 
observed, since the crystal structures were transformed 

into spherical structures. Parallel grooves indicating 
LIPSS were also present on quadrants 2-4 and 3-4. The 
depth of the grooves which occurred after modifications 
1-4 to 3-4 was the highest for the LIPSS and fusion modi-
fication and the lowest for the 3-4 modification proce-
dure. The 1-4 up to 3-4 laser modifications resulted in the 
femtosecond laser ablation processing of Ti, leaving a mi-
crostructured surface. Such processing can influence the 
tribological properties of the surface and its wetting prop-
erties.32 The microstructure of the parallel groves also had 
a positive effect on the osteoblast reaction by enhancing 
surface hydrophilicity, serum protein adsorption and os-
teoblast maturation.33 Parallel grooves also facilitate cells 
expansion along the direction of the grooves, resulting in 
better coverage on the implant surface.34

An increase of  the laser power by 0.2 W changed the 
morphology of HA, but did not cause its chemical degra-
dation; HA peaks were found in the XRD spectra of quad-
rants 2-4 and 3-4 modified by laser with the highest pow-
er density. The crystal structure of the HA coating present 
on the 4-4 laser-conditioned quadrants proved to be os-
teoconductive, as shown in our previous study.17

Surface roughness, expressed as Ra, ranged from 
1.32 µm to 1.85 µm. For most of the surfaces, laser modi-
fications 1-4 and 2-4 resulted in the highest roughness 
values. However, for laser modifications 3-4 and 4-4, 
this parameter was lower. The Rt parameter, defined as 
the total height of  the profile, was the greatest for the 
1-4 and 2-4 laser modifications, with the C-2-4 sample 
exhibiting the greatest height of 17.12 µm. High Rt val-
ues were also noted for the D-4-4 sample, but this was 
correlated with the structure of the electrodeposited HA 
(i.e., the foci of long, needle-like crystals). The roughness 
of all the samples presented in this study can be defined 
as moderate.34 As reported by Wennerberg and Albrekts-
son in a review of over 100 publications, implant surfaces 
of such roughness parameters can facilitate bone reaction 
better than smoother or even rougher surfaces.34 Also, 
our previous studies proved positive osteoblast reactions 
for moderately rough Ti surfaces, expressed as increased 
osteoblast viability and differentiation.35,36

The analysis of the chemical composition of the samples 
revealed the presence of HA, although there were some 
differences between the EDS, XRD and Raman spectros-
copy results. The XRD did not detect the presence of HA 
on quadrants A-4-4 and C-4-4, while Raman spectrosco-
py confirmed its presence on those quadrants. Such XRD 
results could be caused by instrumental limitations. The 
radiation might not have fallen on the sample due to its 
small size, or might only have fallen on it in a small per-
centage, since the distribution of Ca and P on the sample 
surface was not uniform. On the other hand, Raman spec-
troscopy detected the presence of HA only on quadrants 
4-4, which, according to the EDS analysis, were the richest 
in Ca and P. The EDS revealed the presence of Ca and P 
in each quadrant of each sample, predominantly on quad-

Table 4. Contact angle of the hydroxyapatite (HA) coating after laser 
modification, quadrants 1-4 to 4-4

Sample and quadrant Contact angle 
[°]

A-1-4 146.30 ±2.072

A-2-4 126.40 ±2.725

A-3-4 137.80 ±1.318

A-4-4 144.80 ±2.290

B-1-4 20.51 ±2.925

B-2-4 55.53 ±4.657

B-3-4 45.28 ± 3.110

B-4-4 56.27 ±5.523

C-1-4 23.84 ±6.031

C-2-4 53.30 ±4.362

C-3-4 85.84 ±0.952

C-4-4 36.89 ±5.965

D-1-4 153.20 ±0.426

D-2-4 145.30 ±2.133

D-3-4 136.40 ±0.289

D-4-4 161.50 ±1.033

Data presented as M ±SD. 
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rants 4-4. Raman spectroscopy also revealed that the HA 
present in the analyzed samples was pure, without sub-
stitution by other ions in the crystal lattice. Based on the 
analysis of the band occurring at 960 cm−1, it can be stated 
that no other forms of calcium phosphates, such as trical-
cium phosphate or tetracalcium phosphate, were present.

The weight percentages of Ca and P, based on the EDS 
analysis, for quadrants 4-4 comply with the thickness 
of  the HA coating observed on the SEM images. The 
highest Ca and P concentrations were noted for sample 
B, then for D and C, and the lowest concentrations were 
observed for sample A. While analyzing the weight per-
centages of  Ca and P on the sample surface, a  pattern 
was found. The quadrants with the 4-4 laser modification 
presented the highest Ca and P concentrations, whereas 
the lowest were noted for the laser-sintered and fused 
quadrants. The same pattern can be observed in the O 
weight percentage. A  similar pattern is observed in the 
results of the roughness analysis. The roughness Ra val-
ues are the lowest on the 4-4 quadrants and the highest 
on the laser-sintered and fused quadrants. The LIPSS and 
fusion, as well as the 2-4 and 3-4 modification processes, 
seem to increase the surface roughness while decreasing 
the Ca, P and O concentrations on the sample surface. 
The O weight percentage in the 4-4 quadrants is compa-
rable with the result obtained for the samples before laser 
modification. The 2 remaining modification processes 
and the LIPSS and fusion process resulted in a decreased 
O concentration, with a higher reduction observed for the 
LIPSS and fusion quadrants. In the case of sample B – the 
sample with the richest HA coating – the 2-4 laser modi-
fication resulted in higher Ca and P concentrations than 
the 3-4 laser modification. This situation was opposite to 
the other samples.

Calcium phosphates have been reported to possess 
osteoinductive and osteoconductive characteristics.37–43 
Osteoinduction is the ability to induce progenitor cells to 
differentiate into osteoblastic lineages, while osteocon-
duction is the ability to promote bone growth on the sur-
face of materials.37 Such surface properties increase cell 
adhesion, differentiation and proliferation.44 Cell adhe-
sion is correlated with the ability to adsorb extracellular 
matrix (ECM) proteins, which, in turn, is related to such 
surface features as roughness, energy, crystallinity, and 
solubility.37,44 An  increased protein adsorption and cell 
adhesion are reported on calcium phosphate-coated im-
plants.37,45,46 Calcium phosphates also aid in the osteogen-
ic differentiation of mesenchymal stem cells (MSCs).37,47,48 
The improved bone reaction of calcium phosphate-coated 
implants is also related to the entrapment of blood plate-
lets on such surfaces and their activation. The activated 
platelets release biomolecules that can be retained by the 
fibrin matrix on the surface to facilitate the regeneration 
of the surrounding tissues.40 Due to such surface features, 
calcium phosphate-coated implants are reported to pres-
ent improved osseointegration.17,38

Quadrants 4-4 are the quadrants presenting the high-
est concentrations of Ca and P, with sample B exhibiting 
the highest concentrations of all of the samples. Based on 
the Ca and P concentrations, the B-4-4 quadrant should 
present the highest osteoinductive and osteoconductive 
properties, since calcium phosphates have been docu-
mented to possess biocompatible and osteoconductive 
properties.16–18,36

The presence of C on the analyzed sample surfaces can 
be associated with the presence of carbon dioxide (CO2) 
and other organic molecules from the air.49 Such carbon 
contamination, apart from roughness-induced hydro-
phobicity, is known to cause higher contact angles and 
lower surface energy, resulting in a  surface with hydro-
phobic properties.49–51 Rupp  et  al. reported a  decreased 
water contact angle in samples after a 50% carbon reduc-
tion.49 The reduction was from about 35 at% for the sam-
ples with a water contact angle of 122.40°–139.88° to the 
level of 15 at%, resulting in a water contact angle of 0°.49 
Hotchkiss et al. reported hydrophobic surface properties 
at a  carbon concentration of  ~43–44%.51 In their study, 
a carbon level of ~30% resulted in a low contact angle and 
hydrophilic surface properties.51 In the present study, the 
C concentration ranges from 0.48 wt% to 2.12 wt%, as re-
vealed by the EDS analysis. The carbon levels are not re-
flected in the water contact angle results, which, accord-
ing to the Rupp et al.’s study, should be at the level of 0°.49 
The C concentration in the present study is not correlated 
with the hydrophilicity of the surface. The highest C con-
centrations were reported for sample B, the richest in Ca 
and P. Lower carbon concentrations were noted for sam-
ple D, which also comes second according to the Ca and 
P concentrations. No correlation could be found between 
the C concentration and the type of laser conditioning.

Contact angle studies revealed a  division of  samples 
into 2 groups. A  group of  contact angles ranging from 
20.51° to 85.84° consisted of  samples B and C. Those 
samples can be classified as samples with hydrophilic sur-
faces. Samples A and D presented contact angles in the 
range of 126.4°–161.5° and could be classified as samples 
with hydrophobic surfaces. For the group of hydrophilic 
surfaces, the lowest result in both cases was noted for the 
1-4 quadrants. Those quadrants also presented lower O 
concentrations, and are also the quadrants with the most 
intensive ablation. The correlation between the surface 
roughness and the surface wettability could not be estab-
lished. While evaluating all 4 samples, the highest contact 
angle results were for quadrants 3-4 and 4-4.

The contact angle studies of  the HA-coated, LIPSS 
plus fusion-modified quadrants of  samples B and C re-
vealed improved hydrophilic properties as compared to 
the LIPSS surfaces of uncoated Ti alloy studied by Sch-
weitzer et al.10 The contact angles of the LIPSS-modified 
surfaces reported by Schweitzer were similar to those 
of the HA-coated and sintered quadrants of the samples 
B and C.10
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The enhanced surface hydrophilicity of the implant sur-
face can result in the shortening of  the osseointegration 
period, and increase the bond strength of  the implant to 
bone tissue.2 On the cellular level, hydrophilicity enhances 
protein adsorption, platelet aggregation, and monocyte 
and macrophage adhesion, increases the fibroblastic cell 
response, as well as the adhesion, differentiation and pro-
liferation of  osteoblasts.37,52–54 Those events result in the 
acceleration of  the healing process and bone formation 
in the initial period of osseointegration.2,55–58 Hydrophilic 
surfaces can also increase the levels of alkaline phosphates, 
osteocalcin and bone sialoproteins, which are the differen-
tiation markers of osteoblasts, indicating the osteoconduc-
tive potential of such surfaces.2,54,59,60 The surface texture 
with parallel microgrooves was also reported to increase 
the surface hydrophilicity, along with serum protein ad-
sorption and osteoblast maturation.32,33 The phenomenon 
of  increased hydrophilicity of  micro-grooved Ti surfaces 
is related to altered surface chemistry.32 A hydrophilic mi-
crorough Ti surface topography also elicits a macrophage 
phenotype associated with reduced inflammation and en-
hanced pro-osteogenic signaling.61

The laser modification of the HA coating resulted in 2 
kinds of  surfaces. Laser-induced periodic surface struc-
ture texturing could be observed on quadrants 1-4 to 3-4, 
with parallel grooves, and HA melted and sintered into 
spherical structures. The chemical composition of those 
quadrants had decreased Ca, P, O, and C concentrations. 
The 4-4 laser surface conditioning did not alter the nee-
dle-like morphology of  the electrochemically deposited 
HA coating and caused only minor changes in the chemi-
cal composition of the surface. The contact angle studies 
revealed the presence of 2 groups: the hydrophilic group 
(B and C samples); and the hydrophobic group (A and D 
samples). The LIPSS–fusion modification decreased the 
water contact angle of the hydrophilic samples.

The surface with the most promising osteoconductive 
properties seems to be the B-1-4 sample with the opti-
mal hydrophilic properties, LIPSS and the most intensive 
HA peaks based on the XRD analysis. Sample B-2-4 also 
presents favorable osteoconductive characteristics, such 
as high Ca and P concentrations, as shown by the EDS 
analysis, and LIPSS.

Further biological analyses are necessary to evaluate 
the cell and tissue response to such laser modifications 
of the HA coating on Ti. Also, testing the material toxicity, 
and the loading time and conditions would be beneficial 
for the analysis of the implant’s dynamic integration with 
bone.62–64

Conclusions
The ultrashort-pulsed laser modification of  the HA 

coating for regimes 1-4 to 3-4 resulted in the LIPSS tex-
turing of the Ti surface with HA sinterization.

Further biological analyses are necessary to evaluate the 
cell and tissue response to such laser-modified HA coat-
ing on Ti.
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