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Purpose: Titanium alloys are among the most widely used materials in medicine, especially in orthopedics. However, their use requires
the application of an appropriate surface modification method to improve their properties. Such methods include anodic oxidation and the
application of polymer coatings, which limit the release of alloying element ions. In addition, biodegradable polymer coatings can serve as
a carrier for drugs and other substances. The paper presents the results of research on the physical properties of biodegradable polymer coat-
ings containing na-noparticle hydroxyapatite on a titanium alloy substrate. Methods: A PLGA coating was used in the tests. The coatings on
the substrate of the anodized Ti6Al7Nb alloy were applied by ultrasonic spray coating. The tests were carried out for coatings with various
hydroxyapatite content (5, 10, 15, 20%) and thickness resulting from the number of layers applied (5, 10, 15 layers). The scope of the re-
search included microscopic observations using scanning electron microscopy, topography tests with optical profilometry, structural studies
using X-ray diffraction, as well as wettability and adhesion tests. Results: The results shows that with the use of ultrasonic spray coating
system is possible to obtain the continuous coatings containing hydroxyapaptite. Conclusions: The properties of the coating can be controlled
by changing the percentage of hydroxyapatite and the number of layers of which the coating is composed.
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1. Introduction

More and more osteosynthesis procedures and sur-
gical interventions are being performed due to the in-
crease in fractures and their long-term effects [4]. Such
a trend calls for continued development in the field of
biomaterials and the search for better and better solu-
tions. For this reason, it is observed that the basic di-
rection is the study of surface modifications and their
impact on the properties of materials, and consequently
the improvement of the quality of the proposed final
product solutions [23].

Methods that make it possible to modify the sur-
face of titanium alloys include mechanical, chemical
and physical processing. The most important proper-
ties that must be met by the type of surface modification
used are efficiency, repeatability and cost-effectiveness.
The surface layer produced must be characterized by
deformability, Young’s modulus value close to that of
the substrate, hardness and brittleness corresponding
to the substrate. In addition, the modification methods
used must not cause phase and structural transforma-
tions [21].

One of the most commonly used biomaterials are
titanium alloys. This is due to their good biocompati-
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bility in the environment of body fluids and tissues,
low density, Young’s modulus closest to that of bone the
most among metallic materials and high corrosion resis-
tance [16]. Titanium 6-aluminum 4-vanadium alloy and
titanium 6-aluminum 7-nobium alloy are one of the
most popular titanium alloys. They were thought to be
of low reactivity and biologically inert. However, it
has now been proven after many years of research that
they are not completely biologically inert, as they can
cause adverse reactions and allergies. This is due to
the release of ions of alloying elements such as alumi-
num, vanadium or niobium [13].

Improving biocompatibility by reducing the release
of ions from the surface of implants can be achieved
through various surface modification methods. One of
these is the anodic oxidation process, during which
passive layers are produced on the surface of titanium
alloy under the application of voltage in an electrolyte
bath [9]. The morphology of the passive layers obtained
by anodic oxidation depends on the applied voltage. At
voltages above 150 V, porous layers are achieved. At
a voltage below 40 V, in a bath with a low concentration
of fluoride ions, it is possible to produce nanotube layers.
To ensure osteoconductive values, anodic oxidation is
carried out at medium voltages. As a result of the proc-
ess carried out under such conditions, the resulting pas-
sive layer is dominated by TiO2 oxide, with a small
proportion of alloying element oxides. Depending on the
voltage applied, we get different surface color effects.
So far, two theories have been developed on this sub-
ject. The first is that the color obtained depends on the
stoichiometric proportion of the individual oxides in the
passive layer. The second is that it results from the dif-
ferential interference of waves in different layer thick-
nesses. It has now been proven that the main cause of
color creation is the interference of waves in the transi-
tional oxide layer of titanium. For this reason, the dif-
ferent colors obtained during anodic oxidation depend
only on the thickness of the resulting anodic layer. On
the other hand, the thickness of the obtained layer de-
pends on the value of the applied voltage, with its in-
crease, an increase in the thickness of the passive layer is
observed. The passive layers obtained by this process are
up to several hundred nanometers thick and inherit the
surface topography resulting from the previously imple-
mented surface modification methods. Through anodic
oxidation, we achieve improved resistance to pitting
corrosion. In addition, this process limits the penetration
of ions from the implant surface into the tissue envi-
ronment but does not eliminate it entirely [8], [17].

Another possibility to reduce the release of deg-
radation products into the body environment is the
application of polymer coatings [19]. Moreover, in addi-

tion to improving biocompatibility, biodegradable poly-
mer coatings may be a biodegradable drug delivery sys-
tem, providing a matrix for active ingredients [7], [10].
As the polymer coating degrades, the locally released
drug can enhance the bone healing process and reduce
the need for systemic medication. Due to its low sys-
temic toxicity, one of the most popular biodegradable
polymers used for drug carriers is poly(lactic acid) (PLA)
and polyglycolide (PGA) copolymer – poly(lactic-co-
-glycolic acid) (PLGA). Its minimal toxicity is a result
of the fact that in the process of hydrolysis, it breaks
down into PLA and PGA monomers, which, in turn,
are easily metabolized by the body in the Krebs cycle.
Its degradation time can take from several months, even
up to several years, and can be controlled by changes in
molecular weight and copolymer ratio [15]. Polymer
coatings can be further enriched with substances that
promote osteointegration such as bone morphogenetic
protein (rhBMP-2) or fibroblast growth factors (bFGF)],
which, when superimposed with PLGA by electro-
spraying, form homogeneous coatings on the titanium
substrate, inheriting its surface roughness [5]. PLGA
nanocomposites have been proven to improve biocom-
patibility while enabling targeted delivery of drugs or
other nanosubstances. In addition, the use of a metal sub-
strate ensures adequate mechanical properties throughout
the treatment, while, at the same time, providing the
benefits of a biodegradable polymer coating [11].

Hydroxyapatite (HAp) is the main component of the
inorganic substance from which bones and tooth enamel
are built. Bone apatite accounts for about 60–70% of the
mass of bones, and its content varies depending on the
type of bone, as well as age and the manner of recovery.
Moreover, in the body, it is subject to continuous pro-
cesses of dissolution, recrystallization and hydrolysis
[24]. Because of that, synthetic hydroxyapatite (a ce-
ramic material), is widely used in medicine. Of course,
this is due to its osteoconductive properties and its simi-
larity to the natural inorganic component of bone. How-
ever, it possesses a low resorption rate in vivo and is
brittle. To solve these problems, HAp can be used in the
form of a coating on the metal surface. Such a solution
allows to preserve the mechanical properties of the
metal, while improving the process of bone fusion and
significantly improving the resistance of the metal im-
plant to corrosion in body tissue environment [12].
Such hydroxyapatite coatings can be applied to a metal
surface by a variety of physical and chemical methods.
Some of the most commonly used methods of applying
HAp to a surface include electrochemical deposition,
sol-gel method or plasma spraying [6], [17], [18].
Another solution is to combine hydroxyapatite with
a polymer, such as biodegradable PLGA [2], [6].
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Today, biodegradable polymer-bioceramic compos-
ites are often used. The addition of biodegradable poly-
mers such as poly(glycolic acid), poly(lactic acid) and
poly(D,L-lactic-co-glycolic acid) (PLGA) to calcium
phosphate ceramics would allow for better manipula-
tion and control of both macro- and microstructure in
shaping composites to fit bone defects. In addition, bio-
degradable polymers could be used as binders for HA
or other calcium phosphate-based ceramics to reduce
their brittleness [10].

A promising idea seems to be the application of
biodegradable polymer coatings enriched with hydroxy-
apatite on the titanium alloy substrate. During the deg-
radation of the polymer, HAp is released to improve
the bone healing process. In addition, the use of poly-
mer in the form of a coating does not lead to a loss of
mechanical properties of the implant with the time of
the polymer degradation process. Also, such a solution
leads to improved biocompatibility by reducing the
penetration of alloying element ions into the tissue
environment as a result of the degradation process.

Nowadays, the dip-coating method is one of the most
commonly used methods of applying polymer coatings.
Recently, also the ultrasonic spraying method has
become popular. This method involves spraying fine
droplets onto the surface of the material and allows to
obtaining continuous, homogeneous coatings, charac-
terized by good adhesion to the substrate and proper-
ties that can be controlled by changing process pa-
rameters. In addition, the use of the ultrasonic method
can produce thinner layers than the dip coating method,
with evenly dispersed nanoparticles. This is due to the
possibility of using a magnetic stirrer throughout the
polymer coating application process [3].

The presented paper addresses innovations in the
context of known polymer-ceramic composite coat-
ings with HAp applied to titanium alloy substrate. The
aim of the work was to determine the impact of vari-
ous numbers of coating layers and amount of hydroxy-
apatite on the physical and chemical properties of the
surface. To determine the physical and chemical prop-
erties of the obtained biodegradable polymer coatings
containing hydroxyapatite, the following tests were
carried out: surface observation, topography and wet-
tability studies, structural investigation and adhesion
of the coatings to the metal substrate.

2. Materials and methods

A Ti6Al7Nb alloy with chemical composition, struc-
ture, and mechanical properties complying with ISO

5832-11 recommendations was used as a substrate.
The samples were taken from a rod with a diameter of
25 mm (Fig. 1). The surface of the substrate was modi-
fied by grinding, sandblasting and anodic oxidation.
Abrasive papers of 120, 300 and 500 grade, respec-
tively, were used for the grinding. Sandblasting was
carried out for t = 2 min with SiO2 balls of diameter
from 70 to 110 μm. Anodization was performed with the
use of a bath based on phosphorous and sulphuric acid
(Titan Color, Poligrat GmbH) at the voltage of 97 V;
t = 2 min. Before the coating process, the samples
were purified in 99% isopropanol.

Polymer coatings based on poly(D,L-lactide-glycol-
ide) PLGA(85/15) with hydroxyapatite (HAp) (Merck,
crystallite size up to 200 nm) were chosen for the
coating materials. PLGA was synthesized in bulk by
the ring opening polymerization of glycolide (Purac)
and D,L-lactide (Purac) at 130 °C for 24 hours and
next, at 120 °C for 48 hours at argon atmosphere using
Zirconium (IV) acetylacetonate (Zr(acac)4) (Merck) as
a non-toxic initiator.

The metallic substrate was coated with the poly-
mer by the ultrasonic spray coating method. The solu-
tion of 1% PLGA in dichloromethane was enriched
with 5, 10, 15 or 20% HAp. The coatings were applied
by ExactaCoat (Sono-Tek) with AccuMist™ Ultra-
sonic Spray Shaping with the following parameters of
the process: ultrasound frequency 60 kHz, ultrasound
power of 1.5 W, solution’s flow rate of 1 cm3/min,
speed of nozzle motion of 10 mm/s, the distance be-
tween nozzle and substrate surface of 70 mm and air
curtain pressure of 2 Pa. The coatings consisted of 5,
10 or 15 layers. The coated samples were airdried for
3 days at 25 °C.

Fig. 1. Diagram of the tested samples

2.1. Surface observation

The morphology of the samples was analyzed us-
ing a scanning electron microscope (SEM) Quanta
250 FEG, Thermo Fisher Scientific, operating under low
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vacuum conditions (80 Pa) and the acceleration volt-
age of 10 kV from secondary electrons collected by
a Large Field Detector. The observations were carried
out using backscattered electrons collected by the low-
-voltage high-contrast detector (vCD) which gives an
atomic-number (Z) contrast. For each sample, 5 surface
images were taken in different areas.

2.2. Topography studies

The surface topography studies were carried out with
a Sensofar Sneox optical profilometer. A combination
of two scanning techniques was applied: confocal and
focal differentiation for each measured frame (Confocal
Fusion). Light with a wavelength of 530 nm and a 20×
magnification lens were used. The tests were carried
out on the surface of 3200 × 2600 μm. Five samples
from each variant were used for testing, and 3 meas-
urements were taken for each. Ra (profile roughness
avarage – the arithmetic mean of the absolute values of
the surface height deviations from the mean line) and
Sa (areal average roughness – the average height of all
measured points in the areal measurement) parameters,
determined in accordance with ISO 21920 and ISO
25178, respectively, were selected for analysis.

2.3. Wettability tests

The wettability of the surface was determined based
on the contact angle. Contact angle measurements were
performed with Biolin Scientific Attension Theta Flex
optical tensiometer and analyzed using OneAttension
software. The tests were carried out using distilled
water with a droplet size of 1.5 mm3. The measure-
ment started 15 s after the drop deposition and lasted
60 s with a sampling rate of 1 Hz. Five measurements
were taken on each sample. The population of sam-
ples of each variant used in the study was three.

2.4. X-Ray diffraction studies

X-Ray diffraction (XRD) studies were performed
using the D8 Advance diffractometer (Bruker, Karls-
ruhe, Germany) with Cu-Kα cathode (λ = 1.54 Å)
operating at 40 kV voltage and 40 mA current. The
scan rate was 0.60°/min with scanning step 0.02° in
a range of 5° to 90° 2θ. Identification of fitted phases
was performed using DIFFRAC.EVA program with the
use of Crystallography Open Database (COD) and Inter-
national Centre for Diffraction Data database (ICDD

PDF#2), while exact lattice parameters and atomic coor-
dinates of fitted phase were calculated using Rietveld
refinement in TOPAS 6 program, based on William-
son–Hall theory. The pseudo-Voigt function was used
in the description of diffraction line profiles at the
Rietveld refinement. The Rwp (weighted-pattern factor),
Rexp (expected R factor) and GOF (goodness-of-fit)
parameters were used as numerical criteria of the qual-
ity of the fit of calculated to experimental diffraction
data. XRD tests were carried out both for the hydroxy-
apatite powder used in the tests and for the applied
polymer coatings.

2.5. Adhesion study

The tests on the adhesion of the biodegradable
polymer coatings to the substrate were performed by
the scratch test method, using the open platform with
MicroCombi Tester by CSM (Anton Paar). A diamond
Rockwell cone intender was used for the study. The
loading force was increasing from 0.03 to 30 N. The
force load rate was 10 N/min, the table travel speed
was 1 mm/min, and the scratch length was 3 mm. Due
to the difficulty in estimating the critical force Fn, using
microscopic observation, a comparison of the obtained
friction force as a function of the scratch length for the
non-coated and coated samples was proposed. The first
intersection point of the curves was treated as the force
causing the delamination of the coating [20]. Five sam-
ples from each variant were used for the tests. Three
measurements were taken on each sample.

2.6. Statistical analysis

All results reported in this paper are presented as
means with standard deviation. To determine the sig-
nificance of differences for p < 0.05, one-way analysis
of variance (ANOVA) was used in the obtained results.

3. Results

3.1. Surface observation

The surfaces of all polymer coatings regardless of
the amount of HAp and the number of layers applied
were characterized by continuity (Fig. 2). Hydroxyapa-
tite (light points on the SEM images) is characterized
by a homogeneous dispersion over the whole surface
of the sample. Clusters of HAp can be observed in the
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coating, the number and size of which increased with
an increase in the concentration of hydroxyapatite and
the number of layers, indicating aggregation of HAp
particles resulting from an increase in the amount of
HAp in the coating (marked by arrows). In addition,
characteristic effects from the solvent evaporation pro-
cess can be observed on the surface, marked with cir-
cles in Fig. 2.

3.2. Topography studies

Based on the obtained roughness results, an increase in
the value of the Ra parameter was observed with an
increase in the number of layers (Table 1). The percent-
age of HAp content had an ambiguous effect on the
Ra values. However, in the case of the Sa parameter,
no unequivocal effect of the influence of the number
of applied layers and HAp concentration was ob-
served (Table 2). The coatings consisting of 10 layers
were characterized by the highest Sa values. Examples
of topography images are shown in Fig. 3. In addition,
statistical analysis shows that both the number of layers
and the concentration of hydroxyapatite have no statis-
tically significant effect on the value of the Ra para-

meter ( p > 0.5). However, in the case of the Sa pa-
rameter, the effect of the number of layers and HAp
concentration was noted to be statistically signifi-
cant ( p-value in the range of 0.1·10–3–0.3·10–3), except
for a coating consisting of 15 layers, for which the
change in concentration is not statistically significant.

Table 1. Results of Ra parameter

Ra [μm]
HAp %

Layers
5% 10% 15% 20%

5 layers 0.87 (45) 0.86 (24) 0.76 (48) 0.82 (59)
10 layers 1.01 (31) 1.05 (58) 0.99 (25) 0.83 (36)
15 layers 1.16 (39) 1.28 (46) 1.16 (19) 1.03 (43)

Table 2. Results of Sa parameter

Sa [μm]
HAp %

Layers
5% 10% 15% 20%

5 layers 2.25 (54) 1.71 (19) 1.00 (37) 1.08 (48)
10 layers 3.61 (40) 3.98 (28) 4.61 (51) 3.24 (25)
15 layers 1.39 (26) 1.35 (57) 1.38 (43) 1.17 (39)

(a)      (b) 

(c)      (d) 

Fig. 2. Surface topography of 15-layer polymer coatings containing: (a) 5%, (b) 10%, (c) 15%, (d) 20% of HAp (SEM)
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3.3. Wettability tests

The analyzed surfaces of polymer coatings were
characterized by a hydrophilic surface with a contact
angle in the range of 81.4–87.6°. Neither the hydroxy-
apatite content nor the number of applied coatings had
any effect on the wettability of the surface (Table 3).
Statistical analysis did not indicate a statistically sig-
nificant effect on the contact angle value of the num-
ber of layers the coating consisted of and the amount
of HAp ( p > 0.05).

Table 3. Wettability of PLGA polymer coatings surface

Contact angle Θ [°]
HAp %

Layers
5% 10% 15% 20%

5 layers 86.4 (32) 86.3 (24) 85.4 (20) 85.5 (23)
10 layers 81.4 (19) 85.7 (56) 83.7 (45) 87.6 (44)
15 layers 84.1 (54) 83.5 (43) 83.8 (33) 85.4 (52)

3.4. XRD studies

A typical XRD pattern of hydroxyapatite powder is
presented in Fig. 4. Rietveld refinement shows that the
main phase in examined powder is Ca10(PO4)6(OH)2,
while minor amount of Ca4(PO4)2O and traces of
Ca(OH)2 and Ca3(PO4)2 were detected. The crystallite

size of the main phase is in good agreement with pro-
ducer data (180 nm vs. 200 nm), while other phases show
much lower crystallite size – up to 50 nm (Table 4).
Lattice strain was only detected for the HAp phase
with low value. Performed Rietveld refinement studies
show lattice parameters of Ca10(PO4)6(OH)2, Ca(OH)2

and Ca4(PO4)2O with good agreement with model
data.

Fig. 4. XRD pattern of hydroxyapatite powder

In Figures 5–8, XRD patterns typically acquired for
PLGA/HAp coatings on Ti6Al7Nb substrate with vari-
ous amounts of HAp and variable layer thickness are
shown, while in Table 5, structural parameters of crys-

(a) (b) 

(c) (d) 

Fig. 3. Topography of 5-layer PLGA coating containing: (a) 5%, (b) 10%, (c) 15%, (d) 20% of HAp
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Table 4. Crystallographic parameters calculated for identified phases of HAp powder.
Values in brackets represent the variation coefficient, not the standard deviation

Phase name Model parameters
[Å]

Calculated parameters
[Å]

Crystallite size
[nm]

Lattice strain
[%]

Weight amount
[%]

Ca10(PO4)6(OH)2
a = b = 9.424,

c = 6.879
a = b = 9.428,

c = 6.888 180 (30) 0.289 (13) 96.81 (5)

Ca(OH)2
a = b = 3.589,

c = 4.911
a = b = 3.583,

c = 4.919 33 (13) 0 0.83 (4)

Ca4(PO4)2O

a = 7.023,
b = 11.986,
c = 9.473,
β = 90.9°

a = 7.355,
b = 11.996,
c = 9.477,
β = 86.3°

48 11) 0 2.21 (5)

Ca3(PO4)2
a = b = 5.249,

c = 18.674
a = b = 5.207,

c = 19.169 7 (1) 0 0.15 (2)

Fig. 5. XRD patterns of PLGA/HAp coating with 5 wt.% of HAp and various layers: (a) 5 layers, (b) 10 layers and (c) 15 layers;
patterns were offset along Y-axis for better comparison

Fig. 6. XRD patterns of PLGA/HAp coating with 10 wt.% of HAp and various layers: a) 5 layers, b) 10 layers and c) 15 layers;
patterns were offset along Y-axis for better comparison
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talline phases detected in samples are listed. All detected
peaks belong to α-/β-titanium and hydroxyapatite phases,
indicating a lack of PLGA crystallization. Determined
lattice parameters of both, α- and β-titanium, inde-
pendently of layer thickness and HAp amount, are stable
with some negligible variations. As can be seen, with
an increase in layer thickness, the amount of amor-
phous PLGA phase increases, visible as a broad halo
in 8–25° 2θ in Figs. 1–4. Simultaneously, the increase
of HAp peaks occurs and its weight amount increases

(Table 1). On the other hand, an increment of HAp
amount in coating leads to a decrease of amorphous
phase content.

Structural studies using Rietveld refinement (Table 1)
show a decrease in lattice strain of hydroxyapatite with
an increase in layer thickness. The highest lattice strain
was detected for coatings with 20 wt.% of HAp nano-
particles, most likely as a result of its high amount,
which allows for stronger interactions with each other
during sonication.

Fig. 7. XRD patterns of PLGA/HAp coating with 15 wt.% of HAp and various layers: a) 5 layers, b) 10 layers and c) 15 layers;
patterns were offset along the Y-axis for better comparison

Fig. 8. XRD patterns of PLGA/HAp coating with 20 wt.% of HAp and various layers: a) 5 layers, b) 10 layers and c) 15 layers;
patterns were offset along Y-axis for better comparison
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Table 5. Selected structural parameters of crystalline phases determined using Rietveld refinement;
values in brackets represent variation coefficient, not standard deviation

Sample Phase
(space group)

Lattice parameters,
ICDD

[Å]

Lattice parameters,
calculated

[Å]

Crystallite size
[nm]

Lattice strain
[%]

Weight
amount

[%]

1 2 3 4 5 6 7
Ca10(PO4)6(OH)2

(P63/m)
a = b = 9.424,

c = 6.879
a = b = 9.460,

c = 6.910 200 (16) 1.19 (7) 2.0 (8)

α-Ti
(P63/mmc)

a = b = 2.95,
c = 4.68

a = b = 2.952,
c = 4.699 30 (11) 0.90 (4) 87.5 (8)5%,

5 layers
β-Ti

(Im-3m) a = 3.30 a = 2.98 3 (6) 0 10.5 (7)

Ca10(PO4)6(OH)2
(P63/m)

a = b = 9.424,
c = 6.879

a = b = 9.452,
c = 6.900 200 (12) 1.09 (5) 2.2 (9)

α-Ti
(P63/mmc)

a = b = 2.95,
c = 4.68

a = b = 2.945,
c = 4.683 30 (12) 0.87 (4) 87.3 (9)5%,

10 layers
β-Ti

(Im-3m) a = 3.30 a = 2.98 3 (6) 0 10.5 (7)

Ca10(PO4)6(OH)2
(P63/m)

a = b = 9.424,
c = 6.879

a = b = 9.449,
c = 6.910 200 (11) 1.01 (5) 2.9 (9)

α-Ti
(P63/mmc)

a = b = 2.95,
c = 4.68

a = b = 2.954,
c = 4.699 30 (12) 0.95 (4) 86.6 (9)5%,

15 layers
β-Ti

(Im-3m) a = 3.30 a = 2.98 3 (6) 0 10.5 (7)

Ca10(PO4)6(OH)2
(P63/m)

a = b = 9.424,
c = 6.879

a = b = 9.453,
c = 6.896 200 (19) 1.20 (4) 3.0 (7)

α-Ti
(P63/mmc)

a = b = 2.95,
c = 4.68

a = b = 2.946,
c = 4.685 30 (11) 0.86 (3) 86.5 (7)10%,

5 layers
β-Ti

(Im-3m) a = 3.30 a = 2.98 3 (6) 0 10.5 (7)

Ca10(PO4)6(OH)2
(P63/m)

a = b = 9.424,
c = 6.879

a = b = 9.445,
c = 6.903 200 (16) 1.12 (3) 3.5 (8)

α-Ti
(P63/mmc)

a = b = 2.95,
c = 4.68

a = b = 2.952,
c = 4.699 30 (11) 0.85 (3) 85.5 (8)10%,

10 layers
β-Ti

(Im-3m) a = 3.30 a = 2.98 3 (6) 0 10.5 (7)

Ca10(PO4)6(OH)2
(P63/m)

a = b = 9.424,
c = 6.879

a = b = 9.453,
c = 6.903 200 (16) 1.05 (3) 6.2 (10)

α-Ti
(P63/mmc)

a = b = 2.95,
c = 4.68

a = b = 2.947,
c = 4.686 30 (12) 0.76 (4) 83.3 (10)10%,

15 layers
β-Ti

(Im-3m) a = 3.30 a = 2.98 3 (6) 0 10.5 (7)

Ca10(PO4)6(OH)2
(P63/m)

a = b = 9.424,
c = 6.879

a = b = 9.450,
c = 6.901 200 (30) 1.23 (2) 4.0 (5)

α-Ti
(P63/mmc)

a = b = 2.95,
c = 4.68

a = b = 2.948,
c = 4.686 30 (8) 0.92 (2) 85.5 (5)15%,

5 layers
β-Ti

(Im-3m) a = 3.30 a = 2.98 3 (6) 0 10.5 (7)

Ca10(PO4)6(OH)2
(P63/m)

a = b = 9.424,
c = 6.879

a = b = 9.448,
c = 6.902 200 (30) 1.16 (2) 4.6 (6)

α-Ti
(P63/mmc)

a = b = 2.95,
c = 4.68

a = b = 2.953,
c = 4.699 30 (9) 0.98 (3) 84.9 (6)15%,

10 layers
β-Ti

(Im-3m) a = 3.30 a = 2.98 3 (6) 0 10.5 (7)

Ca10(PO4)6(OH)2
(P63/m)

a = b = 9.424,
c = 6.879

a = b = 9.457,
c = 6.909 200 (30) 1.11 (2) 7.3 (8)

α-Ti
(P63/mmc)

a = b = 2.95,
c = 4.68

a = b = 2.955,
c = 4.702 30 (12) 0.94 (3) 82.2 (8)15%,

15 layers
β-Ti

(Im-3m) a = 3.30 a = 2.98 3 (6) 0 10.5 (7)
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3.5. Adhesion study

The obtained values of the critical force indicate that
the worst adhesion of coatings to the substrate is ex-
hibited by coatings consisting of 5 layers. With the in-
crease in the number of layers, the adhesion of the coat-
ings to the metal substrate increases. No unequivocal
effect of the amount of HAp on the value of the criti-
cal force was observed. However, the highest Fn value
showed a coating consisting of 15 layers with 20% HAp
content. In addition, there is no statistically significant
effect of hydroxyapatite concentration on Fn strength
( p > 0.05). However, the analysis revealed a statisti-
cally significant effect of coating thickness (indicated
by the number of layers) on the adhesion of the coat-
ing to the substrate ( p < 0.05).

Table 6. Force causing delamination of coating

Critical force [N]
HAp %

Layers
5% 10% 15% 20%

5 layers 0.93 (29) 0.87 (59) 1.03 (21) 0.96 (32)
10 layers 1.42 (42) 1.54 (19) 1.32 (53) 1.39 (43)
15 layers 2.03 (54) 2.54 (38) 2.34 (44) 2.63 (27)

4. Discussion

The results presented in this article show that it is
possible to apply polymer coatings containing hydroxy-
apatite with fractions up to 200 nm by ultrasonic spray-

ing. The obtained coatings were characterized by con-
tinuity and good dispersion of hydroxyapatite (Fig. 2).
Polymer spheres and effects due to solvent evaporation
were observed on the polymer surface, which are char-
acteristic of the coating method used [3].

The addition of hydroxyapatite increases the rough-
ness of the polymer coating. The Sa parameter for PLGA
coatings without HAp produced by this method at the
same parameters is 0.523 (59) μm, which is on average
about 59% lower than the value of the Sa parameter of
coatings containing HAp (statistically significant dif-
ference). A detailed analysis of the roughness meas-
urements indicates that the value of the Ra parameter
is affected by the number of layers applied, causing its
value to increase with an increase in their number
(Table 1). In contrast, the concentration of hydroxy-
apatite has an ambiguous effect on this value. Analysis
of the Sa parameter did not show a clear effect of the
number of layers or the amount of HAp on its value
(Table 2).

The applied coatings regardless of the number of
layers as well as the content of hydroxyapatite were
characterized by hydrophilic properties (Table 3). The
value of the contact angle was variable in the range
81.4(19)–87.6(44)°. Comparing the wettability of biode-
gradable PLGA polymer coatings obtained by ultra-
sonic spraying with coatings containing hydroxyapatite,
it can be concluded that the addition of hydroxyapatite
results in an increase in the contact angle. Coatings
of pure PLGA were characterized by a contact angle of
about 63.2(25)°, which resulting in an average increase
in contact angle of about 34% for coatings consist-
ing of 15 layers. Based on the ANOVA analysis, these
differences were found to be statistically significant

1 2 3 4 5 6 7
Ca10(PO4)6(OH)2

(P63/m)
a = b = 9.424,

c = 6.879
a = b = 9.452,

c = 6.898 200 (16) 1.27 (3) 4.9 (5)

α-Ti
(P63/mmc)

a = b = 2.95,
c = 4.68

a = b = 2.946,
c = 4.684 30 (6) 0.93 (19) 84.6 (5)20%, 5

layers
β-Ti

(Im-3m) a = 3.30 a = 2.98 3 (6) 0 10.5 (7)

Ca10(PO4)6(OH)2
(P63/m)

a = b = 9.424,
c = 6.879

a = b = 9.45,
c = 6.90 180 (19) 1.21 (13) 7.2 (6)

α-Ti
(P63/mmc)

a = b = 2.95,
c = 4.68

a = b = 2.946,
c = 4.684 30 (7) 0.77 (2) 82.3 (6)20%, 10

layers
β-Ti

(Im-3m) a = 3.30 a = 2.98 3 (6) 0 10.5 (7)

Ca10(PO4)6(OH)2
(P63/m)

a = b = 9.424,
c = 6.879

a = b = 9.449,
c = 6.90 180 (12) 1.17 (8) 8.0 (6)

α-Ti
(P63/mmc)

a = b = 2.95,
c = 4.68

a = b = 2.948,
c = 4.686 30 (10) 0.91 (3) 81.5 (6)20%, 15

layers
β-Ti

(Im-3m) a = 3.30 a = 2.98 3 (6) 0 10.5 (7)
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( p < 0.05). This effect may be due to two factors.
First, the change in surface topography is caused by the
presence of hydroxyapatite in the coating. Second, the
presence of hydroxyapatite on the surface of the coating,
for which the contact angle can vary over a wide range,
depending on how the coatings are obtained or applied
[1]. Polylactide  PLA is a hydrophobic polymer. By
the copolymerization with glycolide, the hydrophobic
character of the polymer can be reduced – it is con-
nected with the methylene groups – CH3 remaining in
the LA units whose number is reduced after copolym-
erization. Varga et al. [22] measured the contact angles
for different PLGA and their value decreased from
74.55° to 68.18° with decreasing amount of lactide part
from 100% (PLA) to 65% (PLGA65). By the addition
of the hydroxyapatite to the PLGA, the value of the
water contact angle in our study increased, which is
connected with the character of the HAp. In the PLGA
+ HAp system, the HAp particles are dispersed on the
surface of the PLGA, as well as in the entire volume.
For similar systems such as some polymeric carriers
enriched with hydrophobic drugs, the surface concen-
tration of the drug is also observed, which results in
the burst effect of the drug [14].

A detailed analysis of the results of X-Ray diffrac-
tion studies of hydroxyapatite nanopowder showed the
presence of the following phases Ca10(PO4)6(OH)2,
Ca4(PO4)2O, Ca(OH)2 and Ca3(PO4)2, the main one being
Ca10(PO4)6(OH)2 with a percentage of 96.81% (Table 4).
The size of the crystals of the main phase averaged
180 nm, which is in accordance with the producer’s
data. Other phases showed much lower crystallite size
(up to 50 nm), which might suggest its formation on
the surface of HA nanoparticles. In addition, detailed
analysis showed lattice strain for the HAp phase, which
suggests the presence of minor residual stress. Analy-
sis of XRD spectra grounded for polymer coatings
confirmed the presence of hydroxyapatite (Figs. 5–8).
The decrease of lattice strain of hydroxyapatite with
an increase in layer thickness is, most likely, a result of
the impact of HAp particles during deposition on tita-
nium substrate. Moreover, it was observed that as the
HAp concentration increases, the intensity and separa-
tion of the peaks decreases. For coatings that contained
20% HAp, the highest lattice strain was detected. This
suggests the partial formation of agglomerates of hy-
droxyapatite nanoparticles and is confirmed by obser-
vations made with scanning electron microscopy. The
formation of agglomerates may be the result of a high
HAp amount, which allows for stronger interactions
with each other during sonication.

PLGA coatings containing hydroxyapatite applied
by ultrasonic spraying showed good adhesion to the

surface of anodically oxidized titanium alloy (Table 6).
Adhesion of the coatings depended on the thickness of
the coating. The greatest adhesion was characterized by
coatings consisting of 15 layers. The hydroxyapatite
content of the coating did not clearly affect its adhe-
sion. Comparing the critical force of a pure PLGA
coating consisting of 15 layers (1.43(28) N) with the
results obtained for a coating containing hydroxyapa-
tite, it can be clearly seen that regardless of the hydroxy-
apatite content in the coating, it improves the adhesion
of the coating to the substrate. The increase in the
value of the critical force causing delamination of the
coating containing HAp with relation to the coating of
neat PLGA is about 62%, and this difference is statis-
tically significant ( p < 0.05).

5. Conclusions

The use of an ultrasonic spray coating makes it pos-
sible to obtain coatings of biodegradable PLGA poly-
mer containing hydroxyapatite on an anodically oxi-
dized titanium alloy substrate. The physical properties
of the produced coating can be modified by changing
the hydroxyapatite content and the number of layers
produced. In addition, it can be concluded that irrele-
vant to the number of coating layers applied, the use of
hydroxyapatite increases the wetting angle (θ = 81.4(19)
–87.6(44)°) and surface roughness (Sa = 1.00(37)
4.61(51) μm) relative to the biodegradable PLGA poly-
mer coating applied by the same method, with the same
parameters (θ = 63.2(25)°, Sa = 0.523(59) μm). Moreo-
ver, it was observed that biodegradable polymer coat-
ings containing hydroxyapatite have higher adhesion
to the metal substrate (for 15 layers Fn = 2.03(54)–
2.63(27)N) than PLGA polymer coatings applied with
the same parameters (1.43(28)N). The results of the
study provide a basis for further research to determine
the effect of in vitro conditions on the physical prop-
erties of the coatings, as well as polymer degradation
and HAp release kinetics.
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