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Abstract: This study involves the synthesis of hydroxyapatite and describes the preparation and
characterization of polymer coatings based on poly(ethylene glycol) diacrylate and poly(ethylene
glycol) and modified with bovine serum albumin and hydroxyapatite. Hydroxyapatite was obtained
by wet chemical synthesis and characterized by X-ray diffraction and FTIR spectroscopy, and its
Ca/P molar ratio was determined (1.69 £ 0.08). The ceramic and bovine serum albumin were used
in the preparation of composite materials with the polymeric matrix. The chemical composition of
coatings was characterized with FTIR spectroscopy, and their morphology was recorded with SEM
imaging. Moreover, the measurements of surface roughness parameters and stereometric research
were performed. The prepared coatings were subjected to in vitro studies in simulated body fluid and
artificial saliva. Changes in chemical composition and morphology after immersion were examined
with FTIR spectroscopy and SEM imaging. Based on the conducted research, it can be stated that
applied modifiers promote the biomineralization process. The roughness analysis confirmed prepared
materials were characterized by the micrometer-scale topography. The materials morphology and
roughness, and the morphology of the newly formed apatite deposit, were dependent on the type of
the used modifier, and the artificial fluid used in in vitro studies.

Keywords: hydroxyapatite; bovine serum albumin; polyethylene glycol; composite coatings; biomin-
eralization

1. Introduction

Titanium and its alloys are materials of great interest in biomedical application, chiefly
used in the production of implantable devices, such as dental [1] and load-bearing or-
thopedic implants [2]. However, the implant’s contact with patient tissue may induce
bacterial adhesion, causing thrombosis or failed osteointegration [3]. The biofilm consists
of various bacterial or even fungal species embedded in an extracellular polysaccharides
(PSs) matrix and develops appropriate adhesion to a multitude of different surfaces, in-
cluding host tissues as well as other bacterial cells, protects them against the host immune
defense system, and provides tolerance to antibiotic treatments [4]. Among the known
materials used as an antifouling agent, which can reduce the adsorption of biomolecules
and attachment of microorganisms, a promising one is polyethylene glycol (PEG) [5]. The
excellent biocompatibility of the material is of the crucial need for realizing a therapeutic
aim efficiently. Coatings made of PEG suppress platelet adhesion, reducing the risk of
thrombus formation, do not show antigenicity and harmful activity toward cells even
throughout direct interaction [6].
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Design and fabrication of materials with surface adjusted for a particular biological
application are essential to the synthesis of biocompatible materials. The induction of
the appropriate cellular and tissue response is one of the major challenges that tissue
engineering is facing [7]. Taking into consideration the desired characteristics of the var-
ious biomaterials, the great interest of the researchers focused on hybrid and composite
materials is well-justified. The exploit of the beneficial properties of individual compos-
ite components seems to be a good approach to produce multifunctional materials [8].
The combination of polymer with various other organic and inorganic substances can
enhance cellular interaction, integration of material with the host bone, and tune degrada-
tion kinetics of material [8-10]. Much effort has been dedicated to developing bioactive
materials stimulating a biological response leading to the formation of host tissue-implant
connection [11]. Among synthetic and natural inorganic ceramic materials, hydroxyapatite
(HA) has been considered a proper candidate for enhancing the regeneration-supportive
properties of scaffold materials. The mineral composition likeness of HA and bone and
tooth enamel makes HA a suitable biomaterial for bone substitutes [12,13]. Thus, HA
is employed as a filler in enamel [14] and jaw bone defects [15]. However, despite its
good biological properties, the brittle nature of HA restricts its application in load-bearing
implant production [16]. Taking into account difficulties associated with poor mechanical
properties of bioceramics and lack of chemical bonding between the inert metallic implant
and host tissues as well, the application of surface-modified implants seems to be a solution
worthy of considering. Therefore, HA is usually used as a coating on metallic implants [17]
or applied as a filler in polymer matrices to prepare composites [18]. Moreover, HA nano-
metric structures can be used as drug delivery systems with controlled active substances
releasing [19] and as a contrast agent for magnetic resonance imaging [20].

Other well-known substances providing suitable conditions for the growth of the cells
are protein-derived biomaterials, including collagen [21], fibronectin [22], albumin [23],
and gelatin [24]. Albumin is the most abundant human plasma protein, constituting over
50% of the total protein present in the bloodstream, and it is composed of low content of
tryptophan and methionine and a high content of cystine and charged amino acids, aspartic
and glutamic acids, lysine, and arginine [25]. Bovine serum albumin (BSA) or Fraction V,
due to its biocompatibility and non-toxicity, is widely used as a drug delivery system [26]
and for tissue engineering applications [26]. BSA is acquired by purification of blood
obtained as a by-product of the cattle industry, thus provides an inexpensive substance for
potential application in the biomedical area [27]. BSA has been used in molecular biology
as a constituent of coatings blocking surface sites from non-specific adsorption, which
found application in a microfluidic polymerase chain reaction (PCR) [28]. BSA, due to
its anti-adsorption properties, was also tested from the viewpoint of bactericidal activity.
Experiments show that BSA reduced bacterial colonization of the Staphylococcus epidermidis
strain on titanium surfaces in vitro [29,30].

This work is devoted to the fabrication and in vitro characterization of composite
material coatings consisting of hydroxyapatite, BSA, and PEG/PEGDA polymeric matrix
obtained via the photopolymerization route, giving insight into coatings composition-
dependent biomineralization processes in simulated body fluid (SBF) and artificial saliva.
To the best of our knowledge, there are no studies dealing with the method of preparation,
physicochemical properties, and bioactivity of such obtained materials.

2. Materials and Methods
2.1. Reagents

Polyethylene glycol of average molecular weight 8000 g/mol was purchased from
Acros Organics. Bovine serum albumin (BSA; >98% pure), poly(ethylene glycol) diacry-
late (PEGDA, average molecular weight 700 g/mol) used as a crosslinking agent, and
2-hydroxy-2-methylpropiop henone (Darocur 1173) employed as a photoinitiator were
acquired from Sigma-Aldrich. The following were used to composite SBF: sodium chlo-
ride, sodium bicarbonate, potassium chloride, potassium phosphate, potassium phosphate



J. Funct. Biomater. 2021, 12, 21

30f16

dibasic trihydrate, magnesium dichloride dihydrate, hydrogen chloride, calcium chloride,
sodium sulfate and Tris buffer solution. For the preparation of artificial saliva, sodium chlo-
ride, potassium chloride, calcium chloride, sodium dihydrogen phosphate monohydrate,
sodium sulfide nonahydrate and urea were used. All these reagents were purchased from
Sigma-Aldrich.

2.2. Preparation of Hydroxyapatite

Hydroxyapatite powder was obtained via the wet precipitation method in the reaction
of Ca(OH); and H3POj. To obtain HA slurry, 500 mL of 0.3 M H3PO,4 aqueous solution
was added dropwise to 500 mL of 0.5 M aqueous solution of Ca(OH), under constant
intense stirring. The pH of the mixture was kept at ~11 by using an aqueous ammonia
solution (25%). When the addition was accomplished, the reaction mixture was aged for
24 h. The precipitate was filtered through the paper filter, washed with distilled water,
dried in a laboratory drier at 104 °C for 4 h, and calcined for 1 h in a chamber furnace in an
air atmosphere at 750 °C.

2.3. Preparation of Coatings

To obtain mixtures intended for coatings material preparation, 20% solution of poly
(ethylene glycol) and 2% solution of BSA was prepared. The appropriate amounts of
such-prepared solutions, as well as HA powder, were utilized to obtain mixtures used in
composite coating preparation. As a crosslinking agent and photoinitiator, poly(ethylene
glycol), diacrylate and 2-hydroxy-2-methylpropiophenone (Sigma-Aldrich) were used
respectively. A detailed description of the composition of mixtures used for coatings
preparation is shown in Table 1.

Table 1. Composite materials composition.

Sample Symbol PEG (mL) BSA (mL) PEGDA (mL) Photoinitiator (uL) Hydroxyapatite (g)
A 0 0
B 1 2 40 0
C 0 2

100 pL of each mixture were pipette onto Ti-6Al-4V plates (2 cm X 2.5 cm). Plates
were acid-etched in 1% HF solution for 10 min, immersed in ethanol (96%) and distilled
water, subsequently cleaned by sonication in acetone and ethanol, and finally rinsed with
double distilled water. Photopolymerization of coatings was performed with UV lamp
EMITA VP 60 (180 W) for 3 min. Subsequently, such-prepared coated plates were incubated
for 21 days at 37 °C in 30 mL of simulated body fluid (SBF) and artificial saliva.

2.4. XRD Analysis

To perform structural characterization of HA, X-ray diffraction analysis with the use
of XRD diffractometer (Pananalytical X'Pert, Worcestershire, UK) with Cu K« radiation
(A = 0.15418 nm), equipped with graphite monochromator PW 1752 /00 operating at 40 kV
and 30 mA in 26 range of 25°-55° was employed.

2.5. FT-IR Analysis

To identify the functional groups in the HA sample, as well as perform analysis
of coatings before and after incubation, infrared spectroscopy was used with a Thermo
Scientific Nicolet iS5 FT-IR spectrometer (Thermo Scientific, Nicolet iS5 FTIR, Waltham,
MA, USA) equipped with iD7 ATR accessory operated at room conditions in the range of
4000 cm 400 cm ™.
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2.6. Determination of Calcium and Phosphorus Content in HA

Calcium and phosphorus content in HA powder was examined utilizing complexo-
metric titration and spectrophotometric methods, respectively. Based on the determined
calcium and phosphorus content in apatite, the molar ratio of Ca/P in the material was
calculated. To determine Ca content, two samples of HA powder of 0.1 g were prepared
by separately dissolving in 10 mL of HNOj at a concentration of 3 mol/L and boiling for
10 min. Subsequently, 20 mL of redistilled water was added to mixtures and boiled for
another 5 min. The cooling solutions were transferred quantitatively to 100 mL volumetric
flasks, and 6.25 mL of Bi(NO3)3 at a concentration of 0.4 mol/L was added. Finally, the flask
was makeup with distilled water. After 3 min, solutions were filtered through a double
hard qualitative filter. 25 mL of filtrate, 25 mL of redistilled water, and 3 mL of a 25%
solution of triethanolamine (TEA) were placed and mixed in a conical flask, neutralized
with a 20% solution of KOH to a pH between 5 and 7, and another 10 mL of 20% potassium
hydroxide and a pinch of the indicator were added and mixed. The such-obtained mixtures
were titrated with a 0.02 mol/L standard solution of edetate disodium. Both samples were
analyzed in triplicate.

For the sake of phosphorus content determination in HA, two samples of obtained
0.02 g were treated with 65% HNOj3 and 36% HCI at a volume ratio of 3:1 and boiled
until the color of the vapor changes from orange to colorless. Then, 40 mL of redistilled
water was added and boiled for another 5 min. Subsequently, solutions were transferred
quantitatively to 100 mL volumetric flasks and makeup with distilled water, mixed, and
filtered through a medium qualitative filter. Finally, 10 mL of filtrate and 20 mL of D
solution (solution of molybdenum-vanadium complex) were placed in a 50 mL volumetric
flask and makeup with redistilled water. After 15 min absorbance of each mixture was
measured. The measurements of absorbance were carried out at 430 nm with a UV-vis
Thermo Scientific Evolution spectrophotometer.

2.7. Morphology Analysis

The studies of morphology of samples were taken with scanning electron micro-
scope (Zeiss, Ultra Plus, Oberkochen, Germany) equipped with EDS microanalysis system
Quantax 400 V (Bruker) with an ultra-fast detector with 127 eV energy resolution. The
SEM analysis was performed for the sake of visualization of hydroxyapatite and coatings
morphology, as well as recording potential deposits formed on the surface of the samples.

2.8. Measurements of Surface Roughness Parameters and Stereometric Research

The roughness analysis of the tested samples was carried out using a Form Talysurf
Series profilometer (Rank Taylor Hobson Ltd., Form Talysurf Series 2, Leicester, UK). A
phase correction band filter (Gaussian filter) was applied for the measurements. The value
of the elementary segment was Ir = 0.8 mm, and the measurement section In = 4.0 mm.
Roughness measurements were repeated five times on each surface.

3. Results
3.1. XRD Analysis

XRD pattern is shown in Figure 1. In accordance with International Center for Diffrac-
tion Data (No. 9-432), XRD reflections were assigned to the hexagonal structure of HA, and
the calculated lattice parameters were a = 9.4172 A and ¢ = 6.8799 A. The peak with the
highest intensity is observed at 31.74 of two theta, which corresponds to the main peak
of the hexagonal HA structure. The fraction of crystalline phase (X.) of the powder was
calculated in accordance with the following Equation (1):

I
X. = 100 x 300 V112/300 )
I300

where I3 is the intensity of (300) diffraction peak and V11 /300 is the intensity of the hollow
between (112) and (300) diffraction peaks [31], and the calculated X, was 88%. Furthermore,
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for HA, the (211) and (121) crystallographic planes form a doublet, which is typical of

stoichiometric and highly crystalline hydroxyapatite.
The ab-plane orientation degree of HA was calculated on the basis of the intensi-

ties of the basis of the intensities of the 300, 211 and 002 reflections, in accordance with
Equation (2):

I300 o)

Orientation degree of the a,b — plane = 100% X |——————
I300 + I211 + Too2

where I3 is the intensity of the (300) diffraction peak, I>1; is the intensity of the (211)
diffraction reflection, and Iy, is the intensity of the (002) diffraction peak. The calculated
a,b-plane orientation degree of HA was 29%.
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Figure 1. XRD pattern of hydroxyapatite (HA).

3.2. Determination of Calcium and Phosphorus Content in HA

The determined calcium and phosphorus contents in HA powder, as well as the
calculated Ca/P molar ratio, are presented in Table 2. The calculated Ca/P molar ratio is
slightly different from the stoichiometric value, which can be caused by partial substitution
of phosphate ions by carbonate groups, which is inevitable during the synthesis under the

atmospheric condition.

Table 2. Calcium and phosphorus content and Ca/P molar ratio in HA (mean + SD).

Ca Content (wt %) P Content (wt %) Ca/P Molar Ratio
41.06 £+ 0.33 18.80 4= 0.48 1.69 £ 0.08

3.3. FT-IR Analysis
3.3.1. Hydroxyapatite

IR spectrum of HA powder is shown in Figure 2 and summarized in Table 3. The
bands observed at 879 cm ™!, 1410 cm~! and 1455 cm ™! in the IR spectrum were attributed
to v, bending mode and vj stretching modes of carbonate ions. IR spectrum of ideally
stoichiometric HA should not reveal any carbonate modes; however, their presence may
be due to atmospheric adsorption after the synthesis. In the 1000-1100 cm ™! region,
bands centered at 1025 cm~! and 1090 cm ™! were attributed to the v3 triply degenerate
asymmetric stretching mode of PO,3~.
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Figure 2. FTIR spectrum of HA.
Table 3. IR band assignment of HA.
Wavenumber (cm~1) Peak Assignment
3571 Band corresponding to HyO absorption
1455 v3 stretching mode of CO52-
1410 v3 carbonate ions
1090 v3 asymmetric stretching mode of P-O
1025 v3 asymmetric stretching mode of P-O
962 v1 symmetric stretching mode of P-O
879 vy bending mode of carbonate ions
630 b in-plane vibration of OH™
601 v, triply degenerate bending mode of PO,3>~ (O-P-O)
563 v4 triply degenerate bending mode of PO,3~ (O-P-O)

Furthermore, two distinctive peaks observed at 630 cm~! were assigned to  in-plane

vibration of OH™ and v; stretching mode of the structural OH anion, respectively. The
band at 963 cm~! was attributed to the v4 bending vibration of PO4*>~. Two sharp and
intensive bands located at 601 cm~! and 563 cm ™! correspond to vy triply degenerate
bending mode of PO,3~, while the band at 471 cm™ represents v, doubly degenerate
bending mode of phosphate ions.

3.3.2. Coatings before Incubation

In order to determine the chemical composition of the prepared coatings, as well as to
verify complete polymerization of all specimens, they were investigated with the use of
diamond crystal ATR FI-IR spectroscopy (Figure 3).
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Figure 3. FTIR spectra of poly(ethylene glycol) diacrylate (PEGDA), polyethylene glycol (PEG),
and coatings.

The absorption band of the PEGDA sample at 2865 cm ™! was attributed to the C-H
stretching vibrations, whereas the band centered at 860 cm ! represents C-H bending
mode. The peak at 1720 cm ™! was observed due to the frequency of the C=0 stretching.
It is worth noticing that materials crosslinking resulting in the shifting of this peak from
1720 cm ™! to 1730 cm~!. Absorption bands indicated with the red dashed line were
assigned to C=C symmetric stretching and were not recorded in the crosslinked materials.
The peak centered at 1453 cm~! was assigned to symmetric bending of the CH, group.
Bands located at 1349 cm~! and 1295 cm ™! were attributed to C-O asymmetric bending,
whereas peaks at 1093 cm ™! and 950 cm~! correspond to C-O-C stretching. The PEG
spectrum showed characteristic bands of specific functional groups, such as the broad
bands appearing at 2880 cm ! assigned to C-H symmetric stretching vibrations and the
band at 1097 cm ™! assigned to the-C-O-C group. The peak at 1469 cm ! corresponds to the
in-plane scissoring of the CH, group. Bands located at 1359 cm~! and 1345 cm ™! represent
in-plane O-H deformation, whereas bands centered at 1280 em 1,959 em 1, 840 cm !, and
526 cm~! were attributed to C-C skeletal stretching, and the peak at 1240 cm ™! represents
C-O-C stretching mode. Moreover, some additional peaks related to BSA and HA presence
were observed at 1654 cm~! and 550 cm ™! to 650 cm~! wavelength region, respectively.

3.3.3. Coatings after Incubation

FTIR technique can be a useful tool for gaining more insight into the process of
biomineralization of materials during incubation. FTIR spectra of composite coatings after
immersion in SBF and artificial saliva are shown in Figures 4 and 5, respectively.
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Figure 4. FTIR spectra of coatings samples after incubation in simulated body fluid (SBF).
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Figure 5. FTIR spectra of coatings samples after incubation in artificial saliva.

FTIR analysis of composite coatings after incubation revealed the presence of new
vibrational modes in the wavelength range from 500 cm~! to 650 cm~! and 1500 cm ™!
and 1600 cm~!. Moreover, it was observed that composites incubated in artificial saliva
exhibited a more narrow and sharp distribution of the newly formed FTIR bands as
compared to spectra registered for specimens incubated in SBE

3.4. Morphology Analysis
3.4.1. Hydroxyapatite and Titanium Alloy Plates

Figure 6 shows the SEM images of the as-prepared HA (Figure 6a) and acid-etched
titanium alloy plate (Figure 6b). The SEM microphotography showed that the formed
hydroxyapatite particles were highly agglomerated. The agglomeration of the particles
might be because of Ostwald ripening [32]. The SEM image shows the spherical-shaped
particles of about 50 nm and clumped distributions. Acid etching of Ti alloy plates results in
a homogeneous distribution of ridges and valleys of various dimensions and irregularities
throughout the surface.
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Figure 6. SEM image of the obtained HA powder (a) and Ti alloy after acid etching (b).

3.4.2. Composite Coatings before Incubation

Morphology and elemental composition of the tested composite coatings before incu-
bation in artificial body fluids are presented in Figure 7, and the compositional analysis is
presented in Table 4.

» N ) <
TM3000_1330 A D49 x20k  30um TM3000_8577 A

D48 x2.0k  30um TM3000_1330 N A D49 x2.0k
(a) (b) (c)

Figure 7. SEM micrographs of coatings composed of PEG (a), modified with bovine serum albumin (BSA) (b), and HA (c)
before incubation.

The morphology of the tested composite materials is comparable, while the visible
pores of various shapes and sizes are present all over the samples. EDS elemental analysis
was performed in order to investigate the elemental composition of the materials. C and O
originating from the polymeric matrices were found to be present in all specimens. The
point analysis of the elemental composition also confirmed the presence of HA in sample C.

Table 4. Elemental microanalysis on points indicated in Figure 7.

Sample Mass Percentage (wt %)
A C:36.6,0:34.8, Au: 15.5
B C:59.9,0:37.5, Au: 2.6
C C:37.1,0:34.7,Ca:18.2,P: 7.7, Au: 2.3

3.4.3. Composite Coatings after Incubation

The surface morphology of composite coatings after incubation in SBF and artificial
saliva is shown in Figure 8, and the compositional analysis is presented in Table 5. The
coatings modified with HA and BSA and polymeric coating showed signs of apatite
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formation after 21 days of incubation in both artificial body fluids. Comparatively, there
were significant differences in morphology of the formed apatite layer on the composite
material, dependent on their composition, implying the crucial role of modifiers in the
biomineralization process. Six distinct microstructures of apatite of different crystal sizes
were observed on the surfaces of specimens by SEM, as shown in Figure 8. Incubation
of sample A in SBF results in the formation of evenly distributed fine-grained clusters of
apatite, whereas immersion in artificial saliva leads to flower-like morphology of apatite.
The addition of BSA to the polymeric matrix causes the formation of arrays of the long thin
needle and comparatively large plate-like clusters in SBF and artificial saliva, respectively.
The use of HA as a modifier favors the formation of sphere-like phosphates with a single
unit of approximately 2 um diameter during incubation in SBF, whereas immersion in
artificial saliva promotes the formation of thick column-like structures.

s .
TM3000_1324 30 um TM3000_1807 D42 x20k  30um

TM3000_1330 D4.9 x20k  30um TM3000_1359 N D42 x20k  30um

TM3000_1330 30um TM3000_1337 A D5.0 x500 200um

(e) ()

Figure 8. SEM micrographs of structures formed on coatings composed of PEG, modified with BSA,
and HA incubated in SBF (a—c) and artificial saliva (d—f).
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Table 5. Elemental microanalysis on points indicated in Figure 8.

Sample Mass Percentage (wt %)

C:44.3,0:40.3,Ca: 8.7,P: 4.9, Na: 1.0, Cl: 0.8
C:471,0:39.9,Ca: 7.2,P:4.0,Na: 2.4,Cl: 2.3
C:38.0,Ca: 23.4,C18.2,P: 14.1,Cl: 2.8, Mg: 1.4, K: 1.2, Na: 0.9
0:48.4,Ca: 28.4,P: 12.6,C: 10.6
0:504, Ca: 26.7,P:12.2,C: 9.6, Na: 0.6, Cl: 0.5
0:46.3,C:26.2,Ca: 19.6,P: 7.8, Cl: 0.1

-0 QN T o

3.5. Stereometric and Surface Roughness Analysis

Figure 9 shows roughness parameters Ra (arithmetic mean deviation of the assessed
profile) and Rz (maximum height of the profile) of coatings of the proposed compositions.
The Ra and Rz parameters are in the wide range from 0.60 £ 0.04 pm to 6.56 &+ 1.41 um
and 3.71 = 0.32 um to 28.56 £ 4.36 pum, respectively. It can, therefore, be seen that the
addition of BSA and HA does significantly affect the surface roughness. The samples
containing BSA gave the highest values of both roughness parameters, whereas the lowest
values among coatings were recorded for sample A. In comparison with coatings samples,
Ra and Rz parameters of acid-etched Titanium alloy are in a lower (0.36 £ 0.03 um and
2.99 £ 0.20 um, respectively).

29 EmRa
30 A T
O

25 1 I Rz
g_ 20 A I
2 15 -
g 10

5 -

0 __—|+| -.l |—-—|

A B C Ti alloy

Sample

Figure 9. The values of Ra and Rz parameters recorded for the titanium alloy plate and the coat-
ings samples.

The differences between analyzed surfaces were also evident in the images of stereo-
metric structure (Figure 10). It can be seen that the addition of BSA results in the formation
of individual irregularities distributed on the sample surface, whereas the PEG-containing
specimens are relatively smooth. The irregularities visualized in the isometric views can
also be observed in the SEM images.
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Figure 10. 2D images and topographic views of the samples A (a), B (b) and C (c), and titanium substrate (d) surface.

4. Discussion

X-ray diffraction phase composition analysis of the ceramic powder showed a high
crystallinity of the powder obtained via the chemical precipitation, and the only phase
present in the specimen was found to be hydroxyapatite. Moreover, on the basis of the
XRD pattern, the ab-plane orientation degree was calculated. Zhuang et al. [33] proved
the orientation degree is strongly associated with surface wettability and can affect the
adhesion efficiency of MC3T3-E1 cells to materials. FTIR spectrum of the prepared material
showed the characteristic bands of HA. The analysis also revealed the presence of bands
assigned to carbonate ions located at 1455 cm ™! and 1410 cm ™! characteristic for B-type
apatite and peak at 879 cm~! pertaining to A-type apatite [34]. Determination of Ca and P
contests, and the Ca/P molar ratio calculated on their basis, suggest that prepared ceramic
material met the requirements of ISO13779-1:2008 standard, which states that the Ca/P
molar ratio should be in the range 1.5-2.0 [35].

The FTIR analysis of PEGDA and composite coatings confirmed complete polymeriza-
tion of the crosslinking agent in all specimens, which is stated based on the disappearance
of bands assigned to C=C symmetric stretching indicated with the red dashed lines in the
non-cross-linked PEGDA. Moreover, the shifting of the peak located originally at 1720 cm ™!
(C=0 stretching) at the spectrum of non-cross-linked PEGDA to 1730 cm ™! after UV light
treatment of specimens was observed, which is due to the saturation of double bonds
adjacent to the carbonyl group [36].
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FTIR analysis of composite coatings after 21 days of immersion in artificial body fluids
revealed the formation of new bands at the 500 cm ™! to 700 cm ! wavelength region for
specimens incubated in simulated body fluid and artificial saliva as well. The absorption
bands at this range may suggest the formation of apatite deposits on the materials during
incubation, which was confirmed with SEM-EDS analysis [37]. FTIR spectra of composites
after incubation in artificial saliva exhibited a more narrow and sharp distribution of
the newly formed bands as compared to spectra registered for SBF-incubated samples,
indicating probably slightly higher crystallinity of calcium phosphate layer. However,
unambiguously determination of the type of the formed deposit is not possible due to the
complexity of the FTIR spectra of composites. SEM imaging revealed the formation of
apatite deposits of various morphology on all of the coatings. This implies the modifier-
dependent as well as solution type-dependent crystallization of apatite. Following the
literature, BSA may inhibit or promote HA nucleation. Experiments performed in bufferless
simulated inorganic plasma (HBSS) revealed that biomineralization is promoted when
albumin is pre-adsorbed and inhibited when it is dissolved in HBSS. This effect is caused
by the presence of charged residues that can bind to phosphate and calcium ions, inhibiting
the formation of apatite deposits. The aspartic and glutamic acid residues could bind
to the calcium site, whereas lysine and arginine could bind to phosphate groups at the
early stage of mineralization processes [38]. The SEM imaging showed the formation of
larger individual crystals on polymeric samples incubated in artificial saliva, whereas
immersion in SBF results in the formation of fine-grained clusters of apatite. Moreover,
our experiments clearly indicate that the addition of BSA to polymeric matrix promotes
mineralization of calcium deposits on composite surfaces in both used artificial fluids
leading to the formation of about 60 um clusters. The effect of various amino acids on
crystallinity and morphology of HA was investigated by Matsumoto et al. [39]. The
experiment revealed that some of the amino acids, including glycine, serine, and glutamic
acid, can affect the morphology of the synthesized HA, leading to the formation of plate-
like apatite. Numerous reports indicate the morphology of the biomineralized apatite is
dependent on the investigated material surface [40]. Here we report that type of solution
also affects the structure of the formed deposits. As it is shown in SEM images of HA-
containing composites incubated in SBF and artificial saliva, differences in the formed
apatite deposit morphology are indisputable. In the case of artificial saliva, the column-like
shape of crystals and their ordered arrangement suggest that crystallization of apatite
proceeds along with some preferred orientation, probably the fast-growing directions of
HA points out of the sample. Moreover, the observed structures are of the greatest size
among other recorded deposits. The more efficient crystallization, in this case, can be
caused by the lower pH of the artificial saliva in comparison with PBS, which leads to the
faster dissolution of hydroxyapatite present in the coatings, local supersaturation of liquid,
leading to faster nucleation and crystal growth. A similar tendency was not observed for
the sample immersed in SBF solution. Here, the formed apatite structures were of spherical
shape.

The performed measurements of surface roughness parameters and stereometric
research revealed the micrometer-scale topography of the prepared materials with rough-
ness parameters Ra and Rz dependent on materials composition. The bone integration
with the implant surface is reliant on the topography of biomaterial [41,42]. In accor-
dance with studies presented by Wennerberg et al. smooth (Ra < 0.5 um) and minimally
rough (Ra < 0.5-1 um) surfaces revealed less strong bone responses than rougher surfaces,
whereas surfaces of moderately roughness (Ra > 1-2 um) showed stronger bone responses
than rough (Ra > 2 pm) in some studies [43]. Based on this statement, it can be assumed that
samples A and C are the most promising materials from the viewpoint of their potential
biomedical application.

Summarizing the tested composite coatings based on synthetic polymers, proteins of
natural origin, and hydroxyapatite due to their bioactivity can be promising materials for
utilization in the field of medicine and dentistry.



J. Funct. Biomater. 2021, 12, 21 14 of 16

5. Conclusions

A novel phosphate—ceramic coating was prepared for potential biomedical applica-
tions. The in vitro bioactivity tests of the prepared coatings in SBF and artificial saliva were
carried out with an analysis of the changes of the chemical composition of coatings during
incubation and imaging of the morphology of the formed apatite deposit. The results of
this study can be summarized as follows:

1.  The HA powder with a Ca/P molar ratio of 1.69 £ 0.08 and the fraction of the crys-
talline phase of 88% was obtained. The material met the ISO standard requirement;

2. Modification of PEG/PEGDA coatings with BSA and HA results in the promotion of
the biomineralization process;

3. The morphology of the formed apatite structures is dependent on the type of the used
modifier, as well as on the artificial fluid used in in vitro studies;

4. Based on the obtained FTIR spectra, it can be concluded that samples incubated in
artificial saliva are covered with more crystalline newly-formed apatite deposits;

5. Morphology of samples incubated in artificial saliva suggests direction crystallization
of the formed apatite structures.
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