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Abstract: The paper involved the synthesis of hydroxyapatite and describes the preparation and 13 

characterization of polymer coatings based on poly(ethylene glycol) diacrylate and poly(ethylene 14 

glycol) and modified with bovine serum albumin and hydroxyapatite. Hydroxyapatite was ob- 15 

tained by wet chemical synthesis and characterized by X-ray diffraction and FTIR spectroscopy, and 16 

its Ca/P molar ratio was determined (1.69±0.08). The ceramic and bovine serum albumin were used 17 

in the preparation of composite materials with the polymeric matrix. The chemical composition of 18 

coatings was characterized with FTIR spectroscopy and their morphology was recorded with SEM 19 

imaging. Moreover, the measurements of surface roughness parameters and stereometric research 20 

were performed. The prepared coatings were subjected to in vitro studies in simulated body fluid 21 

and artificial saliva. Changes in chemical composition and morphology after immersion were ex- 22 

amined with FTIR spectroscopy and SEM imaging. Based on the conducted research it can be stated 23 

that applied modifiers promote the biomineralization process. The roughness analysis confirmed 24 

prepared materials were characterized by the micrometer-scale topography. The materials morphol- 25 

ogy and roughness, as well as the morphology of the newly-formed apatite deposit, are dependent 26 

on the type of the used modifier, as well as on the artificial fluid used in in vitro studies. 27 

Keywords: hydroxyapatite; bovine serum albumin; polyethylene glycol; composite coatings; bio- 28 

mineralization;   29 

 30 

 31 

1. Introduction 32 

Titanium and its alloys are materials of great interest in biomedical application, chiefly 33 

used in the production of implantable devices such as dental [1] and load-bearing ortho- 34 

pedic implants [2]. However, the contact of the implant with patient tissue may induce 35 

bacterial adhesion causing thrombosis or failed osteointegration [3]. The biofilm consists 36 

of various bacterial or even fungal species embedded in an extracellular polysaccharides 37 

(PSs) matrix and develops appropriate adhesion to a multitude of different surfaces in- 38 

cluding host tissues as well as other bacterial cells, protects them against the host im- 39 

mune defense system, and provides tolerance to anti-biotic treatments [4]. Among the 40 

known materials used as an antifouling agent which can reduce the adsorption of bio- 41 

molecules and attachment of microorganisms, a promising one is polyethylene glycol 42 

(PEG) [5]. The excellent biocompatibility of the material is of the crucial need for realiz- 43 
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ing a therapeutic aim efficiently. Coatings made of PEG suppress platelet adhesion, re- 44 

ducing the risk of thrombus formation, do not show antigenicity and harmful activity 45 

toward cells even throughout direct interaction [6].  46 

Design and fabrication of materials with surface adjusted for a particular biological ap- 47 

plication is of essential importance to the synthesis of biocompatible materials. The in- 48 

duction of the appropriate cellular and tissue response is one of the major challenges 49 

that tissue engineering is facing [7]. Taking into consideration the desired characteristics 50 

of the various biomaterials the great interest of the researchers focused on hybrid and 51 

composite materials is well-justified. The exploit of the beneficial properties of individ- 52 

ual composite components seems to be a good approach to produce multifunctional ma- 53 

terials [8]. The combination of polymer with various other organic and inorganic sub- 54 

stances can enhance cellular interaction, integration of material with the host bone, and 55 

tune degradation kinetics of material [8–10]. Much effort has been dedicated to develop- 56 

ing bioactive materials stimulating a biological response leading to the formation of host 57 

tissue-implant connection [11]. Among synthetic and natural inorganic ceramic materi- 58 

als, hydroxyapatite (HA) has been considered as a proper candidate for enhancing the 59 

regeneration-supportive properties of scaffold materials. The mineral composition like- 60 

ness of HA and bone and tooth enamel makes HA a suitable biomaterial for bone substi- 61 

tutes [12,13]. Thus, HA is employed as a filler in enamel [14] and jaw bone defects [15]. 62 

However, despite its good biological properties, the brittle nature of HA restricts its ap- 63 

plication in load-bearing implant production [16]. Taking into account difficulties associ- 64 

ated with poor mechanical properties of bioceramics, and lack of chemical bonding be- 65 

tween the inert metallic implant and host tissues as well, the application of surface-mod- 66 

ified implants seems to be a solution worthy of considering. Therefore, HA is usually 67 

used as a coating on metallic implants [17] or applied as a filler in polymer matrices to 68 

prepare composites [18]. Moreover, HA nanometric structures can be used as drug de- 69 

livery systems with controlled active substances releasing [19] and as a contrast agent 70 

for magnetic resonance imaging [20].  71 

Other well-known substances providing suitable conditions for the growth of the cells 72 

are protein-derived biomaterials, including collagen [21], fibronectin [22], albumin [23], 73 

and gelatin [24]. Albumin is the most abundant human plasma protein, constituting over 74 

50% of the total protein present in the bloodstream and it is composed of low content of 75 

tryptophan and methionine and a high content of cystine and charged amino acids, 76 

aspartic and glutamic acids, lysine, and arginine [25]. Bovine serum albumin (BSA) or 77 

Fraction V, due to its biocompatibility and non-toxicity, is widely used as a drug deliv- 78 

ery system [26] and for tissue engineering applications [26]. BSA is acquired by purifica- 79 

tion of blood obtained as a by-product of the cattle industry, thus provides an inexpen- 80 

sive substance for potential application in the biomedical area [27]. BSA has been used in 81 

molecular biology as a constituent of coatings blocking surface sites from non-specific 82 

adsorption, which found application in microfluidic Polymerase Chain Reaction (PCR) 83 

[28]. BSA, due to its anti-adsorption properties, was also tested from the viewpoint of 84 

bactericidal activity. Experiments show that BSA reduced bacterial colonization of the 85 

Staphylococcus epidermidis strain on titanium surfaces in vitro [29][30].  86 

This work is devoted to the fabrication and in vitro characterization of composite materi- 87 

als, coatings consist of hydroxyapatite, BSA, and PEG/PEGDA polymeric matrix ob- 88 

tained via photopolymerization route giving insight into coatings composition-depend- 89 

ent biomineralization processes in simulated body fluid (SBF) and artificial saliva. To the 90 

best of our knowledge, there are no studies dealing with the method of preparation, 91 

physicochemical properties, and bioactivity of such obtained materials. 92 

2. Materials and Methods 93 
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2.1. Reagents 94 

Polyethylene glycol (PEG; Mn=8 000) was purchased from Acros Organics. Bovine 95 

Serum Albumin (BSA; >98% pure), poly(ethylene glycol) diacrylate (PEGDA Mn=700) 96 

used as a crosslinking agent, and 2-hydroxy-2-methylpropiophenone (Darocur 1173) em- 97 

ployed as a photoinitiator were acquired from Sigma Aldrich. The following were used to 98 

composite SBF: sodium chloride, sodium bicarbonate, potassium chloride, potassium 99 

phosphate, potassium phosphate dibasic trihydrate, magnesium dichloride dihydrate, hy- 100 

drogen chloride, calcium chloride, sodium sulfate and TRIS buffer solution. For the prep- 101 

aration of artificial saliva, sodium chloride, potassium chloride, calcium chloride, sodium 102 

dihydrogen phosphate monohydrate, sodium sulfide nonahydrate and urea were used. 103 

All these reagents were purchased from Sigma Aldrich.  104 

 105 

2.2. Preparation of Hydroxyapatite 106 

Hydroxyapatite powder was obtained via the wet precipitation method in the reac- 107 

tion of Ca(OH)2 and H3PO4. In order to obtain HA slurry, 500 mL of 0.3 M H3PO4 aqueous 108 

solution was added dropwise to 500 mL of 0.5 M aqueous solution of Ca(OH)2 under con- 109 

stant intense stirring. The pH of the mixture was kept at ~11, by using an aqueous ammo- 110 

nia solution (25%). When the addition was accomplished, the reaction mixture was aged 111 

for 24 hours. The precipitate was filtered through the paper filter, washed with distilled 112 

water, dried in a laboratory drier at 104°C for 4 hours, and calcined for 1 hour in a chamber 113 

furnace in an air atmosphere at 750°C. 114 

2.3. Preparation of coatings 115 

In order to obtain mixtures intended for coatings material preparation, 20% solution 116 

of poly(ethylene glycol) and 2% solution of BSA were prepared. The appropriate amounts 117 

of such-prepared solutions, as well as HA powder, were utilized to obtain mixtures used 118 

in composite coating preparation. As a crosslinking agent and photoinitiator poly(eth- 119 

ylene glycol) diacrylate and 2-hydroxy-2-methylpropiophenone (Sigma-Aldrich) were 120 

used, respectively. A detailed description of the composition of mixtures used for coatings 121 

preparation is shown in Table 1.  122 

Table 1. Composite materials composition. 123 

Sample 

symbol 

PEG [mL] BSA [mL] PEGDA [mL] Photoinitiator 

[µL] 

Hydroxyapatite 

[g] 

A 18 0  

2 

 

40 

0 

B 17 1 0 

C 18 0 2 

100 µL of each mixture were pipette onto Ti-6Al-4V plates (2 cm x 2.5 cm). Plates were 124 

acid-etched in 1% HF solution for 10 minutes, immersed in ethanol (96%) and distilled 125 

water, subsequently cleaned by sonication in acetone and ethanol, and finally rinsed with 126 

double distilled water. Photopolymerization of coatings was performed with UV lamp 127 

EMITA VP 60 (180 W) for 3 minutes. Subsequently, such-prepared coated plates were in- 128 

cubated for 21 days at 37°C in 30 mL of simulated body fluid (SBF) and artificial saliva. 129 

2.4. XRD analysis 130 

To perform structural characterization of HA, X-ray diffraction analysis with the use 131 

of XRD-Philips X'Pert diffractometer with Cu Kα radiation (λ=0.15418 nm), equipped with 132 

graphite monochromator PW 1752/00 operating at 40 kV and 30 mA in 2θ range of 25°– 133 

55° was employed. 134 
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2.5. FT-IR analysis 135 

To identify the functional groups in HA sample, as well as perform analysis of coat- 136 

ings before and after incubation, infrared spectroscopy was used with a Thermo Scientific 137 

Nicolet iS5 FTIR spectrometer equipped with iD7 ATR accessory operated at room condi- 138 

tions in the range of 4000 cm-1 - 400 cm-1. 139 

2.6. Determination of calcium and phosphorus content in HA 140 

 141 

Calcium and phosphorus content in HA powder was examined utilizing complexo- 142 

metric titration and spectrophotometric methods, respectively. On the basis of the deter- 143 

mined calcium and phosphorus content in apatite, the molar ratio of Ca/P in the material 144 

was calculated. In order to determine Ca content, two samples of HA powder of 0.1 g were 145 

prepared by separately dissolving in 10 mL of HNO3 at a concentration of 3 mol/L and 146 

boiling for 10 minutes. Subsequently, 20 mL of redistilled water was added to mixtures 147 

and boiled for another 5 minutes. The cooled solutions were transferred quantitatively to 148 

100 mL volumetric flasks and 6.25 mL of Bi(NO3)3 at a concentration of 0.4 mol/L was 149 

added. Finally, the flask was makeup with distilled water. After 3 minutes, solutions were 150 

filtered through a double hard qualitative filter. 25 mL of filtrate, 25 mL of redistilled wa- 151 

ter, and 3 mL of a 25% solution of triethanolamine (TEA) were placed and mixed in a 152 

conical flask, neutralized with a 20% solution of KOH to a pH between 5-7, and another 153 

10 mL of 20% potassium hydroxide and a pinch of the indicator were added and mixed. 154 

The such-obtained mixtures were titrated with a 0.02 mol/L standard solution of edetate 155 

disodium. Both samples were analyzed in triplicate. 156 

For the sake of phosphorus content determination in HA, two samples of obtained 157 

0.02 g were treated with 65% HNO3 and 36% HCl at a volume ratio of 3:1 and boiled until 158 

the color of the vapor changes from orange to colorless. Then, 40 mL of redistilled water 159 

was added and boiled for another 5 minutes. Subsequently, solutions were transferred 160 

quantitatively to 100 mL volumetric flasks and makeup with distilled water, mixed, and 161 

filtered through a medium qualitative filter. Finally, 10 mL of filtrate and 20 mL of D so- 162 

lution (solution of molybdenum-vanadium complex) were placed in a 50 mL volumetric 163 

flask and makeup with redistilled water. After 15 minutes absorbance of each mixture was 164 

measured. The measurements of absorbance were carried out at 430 nm with UV-Vis 165 

Thermo Scientific Evolution spectrophotometer.  166 

2.7. Morphology analysis 167 

The SEM studies were taken with SEM Zeiss Ultra Plus microscope equipped with 168 

EDS microanalysis system Quantax 400 V (Bruker) with an ultra-fast detector with 127 eV 169 

energy resolution. The SEM analysis was performed for the sake of visualization of hy- 170 

droxyapatite and coatings morphology, as well as recording potential deposits formed on 171 

the samples surface. 172 

2.8. Measurements of surface roughness parameters and stereometric research 173 

The roughness analysis of the tested samples was carried out using a Form Talysurf 174 

Series profilometer. A phase correction band filter (Gaussian filter) was applied for the 175 

measurements. The value of the elementary segment was lr = 0.8 mm, and the measure- 176 

ment section ln = 4.0 mm. Roughness measurements were repeated five times on each 177 

surface. 178 

3. Results 179 

3.1. XRD analysis 180 

XRD pattern is shown in Figure 1. In accordance with International Center for Diffrac- 181 

tion Data (No. 9-432) XRD reflections were assigned to the hexagonal structure of HA, 182 
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and the calculated lattice parameters were a=9.4172 Å and c=6.8799 Å. The peak with the 183 

highest intensity is observed at 31.74 of two theta, which corresponds to the main peak 184 

of hexagonal HA structure. The fraction of crystalline phase (Xc) of the powder was cal- 185 

culated in accordance with the following equation (1):  186 

𝑋𝑐 = 100 ∙
𝐼300𝑉112/300

𝐼300
            (1) 187 

where I300 is the intensity of (300) diffraction peak and V112/300 the is the intensity of the 188 

hollow between (112) and (300) diffraction peaks [31], and the calculated Xc was 88%. 189 

Furthermore, for HA, the (211) and (121) crystallographic planes form a doublet, which 190 

is typical of stoichiometric and highly crystalline hydroxyapatite. 191 

The a,b-plane orientation degree of HA was calculated on the basis of the intensi- 192 

ties of the the basis of the intensities of the 300, 211 and 002 reflectionsin accordance with 193 

the expression (2): 194 

Orientation degree of the a, b − plane = 100 % ∙ [
I300

I300 + I211 + I002

] 195 

where I300 is the intensity of the (300) diffraction peak, I211 is the intensity of the (211) dif- 196 

fraction reflection, and I002 is the intensity of the (002) diffraction peak. The calculated 197 

a,b-plane orientation degree of HA was 29%. 198 

 199 

 200 

Figure 1. XRD pattern of HA. 201 

3.2. Determination of calcium and phosphorus content in HA 202 

The determined calcium and phosphorus contents in HA powder, as well as the calcu- 203 

lated Ca/P molar ratio, are presented in Table 2. The calculated Ca/P molar ratio is 204 

slightly different from stoichiometric value, which can be caused by partial substitution 205 

of phosphate ions by carbonate groups, which is inevitable during the synthesis under 206 

the atmospheric condition. 207 

Table 2. Calcium and phosphorus content and Ca/P molar ratio in HA (mean±SD). 208 

Ca content [wt.%] P content [wt.%] Ca/P molar ratio  

41.06±0.33 18.80±0.48 1.69±0.08 

3.3. FT-IR analysis 209 

3.3.1. Hydroxyapatite 210 

IR spectrum of HA powder is shown in Figure 2. and summarized in Table 3. The bands 211 

observed at 879 cm-1, 1410 cm-1, and 1455 cm-1 in the IR spectrum were attributed to ν2 212 

bending mode and ν3 stretching modes of carbonate ions. IR spectrum of ideally stoichio- 213 

metric HA should not reveal any carbonate modes, however, their presence may be due 214 

to atmospheric adsorption after the synthesis. In the 1000-1100 cm-1 region, bands centered 215 
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at 1025 cm-1 and 1090 cm-1 were attributed to the ν3 triply degenerate asymmetric stretch- 216 

ing mode of PO43-. 217 

 218 

Figure 2. FTIR spectrum of HA. 219 

Furthermore, two distinctive peaks observed at 630 cm-1 were assigned to δ in-plane vi- 220 

bration of OH- and νs stretching mode of the structural OH anion, respectively. The band 221 

at 963 cm-1 was attributed to the ν4 bending vibration of PO43-. Two sharp and intensive 222 

bands located at 601 cm-1 and 563 cm-1 correspond to ν4 triply degenerate bending mode 223 

of PO43-, while the band at 471 cm-1 represents ν2 doubly degenerate bending mode of 224 

phosphate ions. 225 

Table 3. IR band assignment of HA. 226 

Wavenumber [cm-1] Peak assignment 

3571 band corresponding to H2O absorption 

1455 ν3 stretching mode of CO32- 

1410 ν3 carbonate ions 

1090 ν3 asymmetric stretching mode of P-O 

1025 ν3 asymmetric stretching mode of P-O 

962 ν1 symmetric stretching mode of P-O 

879 ν2 bending mode of carbonate ions 

630 δ in-plane vibration of OH- 

601 ν4 triply degenerate bending mode of PO43- (O-P-O) 

563 ν4 triply degenerate bending mode of PO43- (O-P-O) 

3.3.2. Coatings before incubation 227 

In order to determine the chemical composition of the prepared coatings, as well as to 228 

verify complete polymerization of all specimens, they were investigated with the use of 229 

diamond crystal ATR FT-IR spectroscopy (Figure 3).  230 
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 231 

Figure 3. FTIR spectra of PEGDA, PEG, and coatings. 232 

The absorption band of PEGDA sample at 2865 cm-1 was attributed to the C-H stretching 233 

vibrations, whereas the band centered at 860 cm-1 represents C-H bending mode. The peak 234 

at 1720 cm-1 was observed due to the frequency of the C=O stretching. It is worth noticing 235 

that materials crosslinking resulting in the shifting of this peak from 1720 cm-1 to 1730 cm- 236 
1. Absorption bands indicated with the red dashed line were assigned to C=C symmetric 237 

stretching and were not recorded in the cross-linked materials. The peak centered at 1453 238 

cm-1 was assigned to symmetric bending of the CH2 group. Bands located at 1349 cm-1 and 239 

1295 cm-1 were attributed to C-O asymmetric bending, whereas peaks at 1093 cm-1 and 950 240 

cm-1 correspond to C-O-C stretching. The PEG spectrum showed characteristic bands of 241 

specific functional groups, such as the broad bands appearing at 2880 cm-1 assigned to C- 242 

H symmetric stretching vibrations and the band at 1097cm-1 assigned to the -C-O-C group. 243 

The peak at 1469 cm-1 corresponds to the in-plane scissoring of the CH2 group. Bands lo- 244 

cated at 1359 cm-1 and 1345 cm-1 represent in-plane O-H deformation, whereas bands cen- 245 

tered at 1280 cm-1, 959 cm-1, 840 cm-1, and 526 cm-1 were attributed to C-C skeletal stretch- 246 

ing, and the peak at 1240 cm-1 represents C-O-C stretching mode. Moreover, some addi- 247 

tional peaks related to BSA and HA presence were observed at 1654 cm-1, and 550 cm-1 to 248 

650 cm-1 wavelength region, respectively. 249 

3.3.3. Coatings after incubation 250 

FTIR technique can be a useful tool for gaining more insight into the process of biominer- 251 

alization of materials during incubation. FTIR spectra of composite coatings after immer- 252 

sion in SBF and artificial saliva are shown in Figure 4 and Figure 5, respectively. 253 
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 254 

Figure 4. FTIR spectra of coatings samples after incubation in SBF. 255 

FTIR analysis of composite coatings after incubation revealed the presence of new vibra- 256 

tional modes in the wavelength range from 500 cm-1 to 650 cm-1 and 1500 cm-1 and 1600 257 

cm-1. Moreover, it was observed that composites incubated in artificial saliva exhibited a 258 

more narrow and sharp distribution of the newly formed FTIR bands as compared to 259 

spectra registered for specimens incubated in SBF. 260 

 261 

Figure 5. FTIR spectra of coatings samples after incubation in artificial saliva. 262 

3.4. Morphology analysis 263 

3.4.1. Hydroxyapatite and Titanium alloy plates 264 

Figure 6. shows the SEM images of the as-prepared HA (Figure 6a) and acid-etched tita- 265 

nium alloy plate (Figure 6b). The SEM microphotography showed that the formed hy- 266 

droxyapatite particles were highly agglomerated. The agglomeration of the particles 267 

might be because of Ostwald ripening [32]. The SEM image shows the spherical-shape 268 

particles of about 50 nm and clumped distributions. Acid etching of Ti alloy plates results 269 

in a homogeneous distribution of ridges and valleys of various dimensions and irregular- 270 

ities throughout the surface. 271 

 272 
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(a) 

 

(b) 

 273 

Figure 6. SEM image of the obtained HA powder. 274 

3.4.2. Composite coatings before incubation 275 

Morphology and elemental composition of the tested composite coatings before incuba- 276 

tion in artificial body fluids are presented in Figure 7. and the compositional analysis is 277 

presented in Table 4.  278 

 279 

 

(a) 
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(b) 

 

(c) 

Figure 7. SEM micrographs of coatings composed of PEG (a), modified with BSA (b), and HA (c) 280 
before incubation. 281 

The morphology of the tested composite materials is comparable, while the visible pores 282 

of various shapes and sizes are present all over the samples. EDS elemental analysis was 283 

performed in order to investigate the elemental composition of the materials. C and O 284 

originating from the polymeric matrices were found to be present in all specimens. The 285 

point analysis of the elemental composition also confirmed the presence of HA in sample 286 

C. 287 

Table 4. Elemental microanalysis on points indicated in Figure 7. 288 

Sample Mass percentage [wt.%] 

A C: 36.6, O: 34.8, Au: 15.5 

B C: 59.9, O: 37.5, Au: 2.6 

C C:37.1, O: 34.7, Ca:18.2, P:7.7, Au: 2.3 

 289 

3.4.3. Composite coatings before incubation 290 

The surface morphology of composite coatings after incubation in SBF and artificial saliva 291 

is shown in Figure 8. and the compositional analysis is presented in Table 5. The coatings 292 

modified with HA and BSA, as well as polymeric coating, showed signs of apatite for- 293 

mation after 21 days of incubation in both artificial body fluids. Comparatively, there were 294 

significant differences in morphology of the formed apatite layer on the composite mate- 295 

rial dependent on their composition implying the crucial role of modifiers in the biominer- 296 

alization process. Six distinct microstructures of apatite of different crystal sizes were ob- 297 

served on the surfaces of specimens by SEM as shown in Figure 8. Incubation of sample 298 

A in SBF results in the formation of evenly distributed fine-grained clusters of apatite, 299 
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whereas immersion in artificial saliva leads to flower-like morphology of apatite. The ad- 300 

dition of BSA to the polymeric matrix causes the formation of arrays of the long thin nee- 301 

dle and comparatively large plate-like clusters in SBF and artificial saliva, respectively. 302 

The use of HA as a modifier favors the formation of sphere-like phosphates with a single 303 

unit of approximately 2 µm diameter during incubation in SBF, whereas immersion in 304 

artificial saliva promotes the formation of thick column-like structures. 305 

 306 

 307 

 308 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 8. SEM micrographs of structures formed on coatings composed of PEG, modified with BSA, and HA incubated in 309 
SBF (a, b, c) and artificial saliva (d, e, f). 310 

Table 5. Elemental microanalysis on points indicated in Figure 8. 311 

Sample Mass percentage [wt.%] 

a C: 44.3, O: 40.3, Ca: 8.7, P: 4.9, Na: 1.0, Cl: 0.8 
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b C: 47.1, O: 39.9, Ca: 7.2, P: 4.0, Na: 2.4, Cl: 2.3 

c C: 38.0, Ca: 23.4, C 18.2, P: 14.1, Cl: 2.8, Mg: 1.4, K:1.2, Na: 0.9 

d O: 48.4, Ca: 28.4, P: 12.6, C: 10.6 

e O: 50.4, Ca: 26.7, P: 12.2, C: 9.6, Na: 0.6, Cl: 0.5 

f O: 46.3, C: 26.2, Ca: 19.6, P: 7.8, Cl: 0.1 

3.4. Morphology analysis 312 

Figure 9 shows roughness parameters Ra (arithmetic mean deviation of the assessed pro- 313 

file) and Rz (maximum height of the profile) of coatings of the proposed compositions. 314 

The Ra and Rz parameters are in the wide range from 0.60±0.04 µm to 6.56±1.41 µm and 315 

3.71±0.32 µm to 28.56±4.36 µm, respectively. It can, therefore, be seen that the addition of 316 

BSA and HA does significantly affect the surface roughness. The samples containing BSA 317 

gave the highest values of both roughness parameters, whereas the lowest values among 318 

coatings were recorded for sample A. In comparison with coatings samples, Ra and Rz 319 

parameters of acid-etched Titanium alloy are in a lower (0.36±0.03 µm and 2.99±0.20 µm, 320 

respectively).  321 

 322 

Figure 9. The values of Ra and Rz parameters recorded for Titanium alloy plate and the coatings 323 
samples. 324 

The differences between analyzed surfaces were also evident in the images of stereometric 325 

structure (Figure 10). It can be seen, that addition of BSA results in the formation of indi- 326 

vidual irregularities distributed on the sample surface, whereas the PEG containing spec- 327 

imens is relatively smooth. The irregularities visualized in the isometric views can also be 328 

observed in the SEM images.  329 

 330 
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(b) 

 

(c) 

 

(d) 

Figure 10. 2D images and topographic views of the samples A (a), B (b) and C (c), and titanium substrate (d) surface. 331 

 332 

4. Discussion 333 

X-ray diffraction phase composition analysis of the ceramic powder showed a high 334 

crystallinity of the powder obtained via the chemical precipitation, and the only phase 335 

present in the specimen was found to be hydroxyapatite. Moreover, on the basis of XRD 336 

pattern, the a,b-plane orientation degree was calculated. Zhuang et al. [33] proved the ori- 337 

entation degree is strongly associated with surface wettability and can affects adhesion 338 

efficiency of MC3T3-E1 cells to materials. FTIR spectrum of the prepared material showed 339 

the characteristic bands of HA. The analysis also revealed the presence of bands assigned 340 

to carbonate ions located at 1455 cm-1 and 1410 cm-1 characteristic for B-type apatite and 341 

peak at 879 cm-1 pertaining to A-type apatite [34]. Determination of Ca and P contests, and 342 

the Ca/P molar ratio calculated on their basis, suggest that prepared ceramic material met 343 

the requirements of ISO13779-1:2008 standard which states that the Ca/P molar ratio 344 

should be in the range 1.5 - 2.0. 345 

 The FTIR analysis of PEGDA and composite coatings confirmed complete polymer- 346 

ization of the crosslinking agent in all specimens, which is stated based on the disappear- 347 

ance of bands assigned to C=C symmetric stretching indicated with the red dashed lines 348 

in the non-cross-linked PEGDA. Moreover, the shifting of the peak located originally at 349 

1720 cm-1 (C=O stretching) at the spectrum of non-cross-linked PEGDA to 1730 cm-1 after 350 
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UV light treatment of specimens was observed, which is due to the saturation of double 351 

bonds adjacent to the carbonyl group [35].  352 

FTIR analysis of composite coatings after 21 days of immersion in artificial body flu- 353 

ids revealed the formation of new bands at the 500 cm-1 to 700 cm-1 wavelength region for 354 

specimens incubated in simulated body fluid and artificial saliva as well. The absorption 355 

bands at this range may suggest the formation of apatite deposits on the materials during 356 

incubation, which was confirmed with SEM-EDS analysis [36]. FTIR spectra of composites 357 

after incubation in artificial saliva exhibited a more narrow and sharp distribution of the 358 

newly formed bands as compared to spectra registered for SBF-incubated samples, indi- 359 

cating probably slightly higher crystallinity of calcium phosphate layer. However, unam- 360 

biguously determination of the type of the formed deposit is not possible, due to the com- 361 

plexity of the FTIR spectra of composites. SEM imaging revealed the formation of apatite 362 

deposits of various morphology on all of the coatings. This implies the modifier-depend- 363 

ent as well as solution type-dependent crystallization of apatite. In accordance with the 364 

literature, BSA may inhibit or promote HA nucleation. Experiments performed in buffer- 365 

less simulated inorganic plasma (HBSS) revealed that biomineralization is promoted 366 

when albumin is preadsorbed and inhibited when it is dissolved in HBSS. This effect is 367 

caused by the presence of charged residues that can bind to phosphate and calcium ions 368 

inhibiting the formation of apatite deposit. The aspartic and glutamic acids residues could 369 

bind to the calcium site whereas lysine and arginine could bind to phosphate groups at 370 

the early stage of mineralization processes [37]. The SEM imaging showed the formation 371 

of larger individual crystals on polymeric samples incubated in artificial saliva, whereas 372 

immersion in SBF results in the formation of fine-grained clusters of apatite. Moreover, 373 

our experiments clearly indicate that the addition of BSA to polymeric matrix promotes 374 

mineralization of calcium deposits on composite surfaces in both used artificial fluids 375 

leading to the formation of about 60 µm clusters. The effect of various amino acids on 376 

crystallinity and morphology of HA was investigated by Matsumoto et al. [38]. The exper- 377 

iment revealed that some of the amino acids, including glycine, serine, and glutamic acid 378 

can affect the morphology of the synthesized HA, leading to the formation of plate-like 379 

apatite. Numerous reports indicate the morphology of the biomineralized apatite is de- 380 

pendent on the investigated material surface [39]. Here we report that type of solution, 381 

also affects the structure of the formed deposits. As it is shown in SEM images of HA- 382 

containing composites incubated in SBF and artificial saliva differences in the formed ap- 383 

atite deposits morphology are indisputable. In the case of artificial saliva, the column-like 384 

shape of crystals, and their ordered arrangement suggest that crystallization of apatite 385 

proceeds along with some preferred orientation, probably the fast-growing directions of 386 

HA points out of the sample. Moreover, the observed structures are of the greatest size 387 

among other recorded deposits. The more efficient crystallization, in this case, can be 388 

caused by the lower pH of the artificial saliva in comparison with PBS, which leads to the 389 

faster dissolution of hydroxyapatite present in the coatings, local supersaturation of liq- 390 

uid, leading to faster nucleation and crystal growth. A similar tendency was not observed 391 

for the sample immersed in SBF solution. Here, the formed apatite structures were of 392 

spherical shape. 393 

The performed measurements of surface roughness parameters and stereometric re- 394 

search revealed the micrometer-scale topography of the prepared materials with rough- 395 

ness parameters Ra and Rz dependent on materials composition. The bone integration 396 

with the implant surface is reliant on the topography of biomaterial [40,41]. In accordance 397 

with studies presented by Wennerberg et al. smooth (Ra<0.5 µm) and minimally rough (Ra 398 

0.5–1 µm) surfaces revealed less strong bone responses than rougher surfaces, whereas 399 

surfaces of moderately roughness (Ra>1–2 µm) showed stronger bone responses than 400 

rough (Ra>2 µm) in some studies [42]. Based on this statement it can be assumed that 401 

samples A and C are the most promising materials from the viewpoint of their potential 402 

biomedical application. 403 
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Summarizing the tested composite coatings based on synthetic polymers, proteins of 404 

natural origin and hydroxyapatite due to their bioactivity can be promising materials for 405 

utilization in the field of medicine and dentistry. 406 

5. Conclusions 407 

A novel phosphate-ceramic coating was prepared for potential biomedical applica- 408 

tions. The in vitro bioactivity tests of the prepared coatings in SBF and artificial saliva were 409 

carried out with an analysis of the changes of the chemical composition of coatings during 410 

incubation and imaging of the morphology of the formed apatite deposit. The results of 411 

this study can be summarized as follows: 412 

(1) The HA powder with a Ca/P molar ratio of 1.69±0.08 and the fraction of the 413 

crystalline phase of 88% was obtained. The material met the ISO standard requirement. 414 

(2) Modification of PEG/PEGDA coatings with BSA and HA results in the promo- 415 

tion of the biomineralization process.  416 

(3) The morphology of the formed apatite structures is dependent on the type of 417 

the used modifier, as well as on the artificial fluid used in in vitro studies.  418 

(4) Based on the obtained FTIR spectra it can be concluded that samples incubated 419 

in artificial saliva are covered with more crystalline newly-formed apatite deposits. 420 

(5) Morphology of samples incubated in artificial saliva suggests direction crystal- 421 

lization of the formed apatite structures. 422 
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