
Organic therapeutic component-modified carbonated apatite and 
biopolymer composites for next-generation implant coatings

Monika Furko a,* , Zsolt Fogarassy a, Marta Alves b, Katalin Balázsi a, Csaba Balázsi a

a Centre for Energy Research, HUN-REN, Konkoly-Thege rd. 29-33, Budapest, H-1121, Hungary
b Technical University of Lisbon, Department of Chemical Engineering (DEQ), Lisbon, Portugal

A R T I C L E  I N F O

Keywords:
Bioceramics
Biopolymers
Composites
Biodegradability
Corrosion

A B S T R A C T

The integration of bioactive ceramics with biopolymers represents a frontier in the development of advanced 
materials for tissue engineering. This study investigates the synthesis and characterization of novel organic 
therapeutic component-modified carbonated apatite (cAp) composites blended with biopolymers. Carbonated 
apatite was prepared using a wet chemical precipitation method. Subsequently, the cAp was functionally 
modified by incorporating therapeutic components: organic strontium (Sr2+), magnesium (Mg2+), and zinc 
(Zn2+). The resulting functionalized cAp powder (fcAP) was then integrated into two distinct biopolymer 
matrices: polycaprolactone (PCL) and cellulose acetate (CA). The resulting composites were successfully 
deposited as non-continuous coatings or clusters onto a rough metallic implant surface. These layers exhibited a 
highly porous three-dimensional microstructure, which is beneficial for enhanced cell adhesion. Comprehensive 
physicochemical characterization, utilizing techniques including Scanning Electron Microscopy with Energy- 
Dispersive X-ray Spectroscopy (SEM-EDX), Transmission Electron Microscopy (TEM), X-ray Diffraction (XRD), 
and Fourier-Transform Infrared Spectroscopy (FT-IR), confirmed that the synthesized calcium phosphate phase 
was carbonated apatite and verified the successful incorporation and presence of the therapeutic elements. 
Quantitative analysis of the therapeutic fcAp revealed a Ca to P molar ratio of 1.60, which closely approximates 
that of natural bone. The composite coatings significantly enhanced the corrosion resistance of the metallic 
substrate, achieving a 20-46% reduction in the corrosion rate compared to bare titanium. After one month of 
immersion testing, the two biopolymer composites exhibited distinct degradation behaviors: PCL-fcAp showed a 
slight weight loss of 0.5%, while the CA-fcAp demonstrated exceptional hydrolytic stability, presenting a min
imal weight loss of less than 0.15%.

1. Introduction

Titanium-based alloys are the predominant materials for load- 
bearing orthopedic and dental implants, owing to their excellent me
chanical strength, corrosion resistance, and biocompatibility [1]. 
Nevertheless, achieving rapid and stable osseointegration, defined as a 
direct structural and functional connection between living bone and the 
implant surface, remains a significant clinical challenge. The inherent 
biological inertia of titanium can result in inadequate early bone 
bonding, fibrous encapsulation, micro-motion, and eventual implant 
loosening or failure [2]. To address these limitations, surface engi
neering approaches aim to develop bioactive coatings that emulate the 
natural composition and architecture of bone, thereby improving 
cellular interactions and integration [3]. A particularly innovative 

strategy involves fabricating ultrathin composite coatings composed of 
nanocrystalline or amorphous apatite (nAp) embedded within biode
gradable biopolymer matrices [4]. Carbonated hydroxyapatite (cAp), 
which closely resembles the primary inorganic phase of bone, offers high 
osteoconductivity and enhanced surface bioactivity [5]. Incorporating 
cAp into biopolymers such as polycaprolactone (PCL) or cellulose ace
tate (CA) produces a composite material that synergistically combines 
the bioactivity of ceramics with the adjustable degradation, mechanical 
flexibility, and drug-eluting potential of polymers [6–10]. PCL is a hy
drophobic, semi-crystalline polyester recognized for its excellent 
biocompatibility, slow degradation profile (spanning years), ease of 
processing, and mechanical toughness, which provides durable struc
tural support [11]. In contrast, cellulose acetate exhibits favorable 
biocompatibility, hydrophilicity, and film-forming properties, while 
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also facilitating initial protein adsorption [12]. Its degradation rate is 
more tunable than that of PCL, typically ranging from months to several 
years depending on the degree of substitution and environmental con
ditions [13]. These polymeric matrices serve as carriers and modifiers 
for cAp, governing coating adhesion, degradation kinetics, and the 
release profiles of incorporated agents [14]. To further augment bio
logical performance, the strategic inclusion of essential therapeutic trace 
elements in organic complex form presents an effective solution. Mag
nesium (Mg), strontium (Sr), and zinc (Zn) are critical co-factors in bone 
metabolism. Their organic complexes, such as Mg-pidolate, Sr-ranelate, 
and Zn-gluconate, can provide superior bioavailability and more 
controlled release compared to inorganic salts [15–18]. Magnesium 
pidolate supplies Mg2+ ions, which are fundamental for osteoblast 
adhesion, proliferation, and the initial phases of bone matrix minerali
zation, with deficiency linked to impaired bone growth [19]. Pidolic 
acid, derived from glutamic acid in vivo, plays a role in cellular meta
bolism and energy production, and enhances the absorption and cellular 
uptake of magnesium [20]. Strontium ranelate, as a source of Sr2+ ions, 
exhibits a unique dual action by promoting osteoblast-mediated bone 
formation while inhibiting osteoclast-mediated bone resorption [21]. 
The ranelate organic group is clinically established to increase bone 
mass and strength in osteoporotic patients [22]. Zinc gluconate con
tributes crucially to collagen synthesis and alkaline phosphatase activ
ity, and possesses anti-inflammatory and antibacterial properties, with 
the gluconate component ensuring good solubility and bioavailability 
[23]. Beyond chemical composition, surface topography is equally 
critical. Coating roughness at the micro- and nanoscale profoundly in
fluences cellular behavior [24]. An optimized, hierarchical rough sur
face increases surface area and presents physical cues that promote 
migration, adhesion, spreading, and cytoskeletal organization of 
bone-forming cells (such as osteoblasts, pre-osteoblasts, mesenchymal 
stem cells) [25]. Such a surface also enhances mechanical interlocking 
with newly formed bone and stimulates the osteogenic differentiation of 
progenitor cells, thereby accelerating bone formation and remodeling at 
the interface to strengthen osseointegration [26]. While continuous 
bioactive coatings have been extensively studied, they face challenges 
such as delamination from poor adhesion, constrained control over 
degradation, and the potential to act as a barrier to direct bone-implant 
contact [27,28]. An emerging approach to overcome these issues em
ploys non-continuous or discrete coatings. This design creates a 
micro-structured surface where bioactive clusters are interspersed with 
exposed regions of the roughened implant substrate. This architecture 
offers several benefits: it permits direct osseointegration with the un
derlying titanium for robust mechanical fixation; it enables synchro
nized bone ingrowth into the inter-cluster voids as the biodegradable 
coating resorbs, avoiding a long-term barrier effect [29]; and it reduces 
interfacial stress concentrations, thereby lowering the risk of coating 
delamination [30]. Consequently, in this study, composite coatings were 
intentionally engineered to be non-continuous, synergistically 
combining material bioactivity with the topological advantages of a 
discrete surface pattern. A further novel aspect of this work is the inte
gration of carbonated apatite with therapeutic organic complexes. 
Although the doping of hydroxyapatite with inorganic Mg2+, Sr2+, and 
Zn2+ ions is well-established [31], the incorporation of their organic 
complexes (Mg-pidolate, Sr-ranelate, Zn-gluconate) into a carbonated 
apatite matrix represents, to our knowledge, a new approach. These 
organic ligands were selected not merely as carriers, but for their 
enhanced bioavailability and specific biological functions, aiming to 
achieve a more controlled and synergistic therapeutic release profile 
compared to inorganic salts. Additionally, this study provides a direct 
comparative analysis of two distinct polymer matrices, a synthetic, hy
drophobic, slow-degrading polyester (PCL) and a natural, more hydro
philic derivative (CA), for the same therapeutic cAp composite. This 
comparison provides practical insights into tailoring coating properties 
to specific clinical requirements, such as long-term mechanical support 
versus shorter-term bioactivity. Collectively, this integrated approach 

holds considerable promise for improving the early fixation, long-term 
stability, and overall success of load-bearing titanium implants in 
demanding clinical applications.

2. Materials and methods

2.1. Powder synthesis: preparation of nanocrystalline carbonated apatite 
(cAp) and therapeutic component added carbonated apatite (fcAP) 
powders

Suspensions intended for the wet precipitation of carbonated apatite 
(cAp) were prepared by dissolving calcium gluconate (HOH2C(CH 
(OH))4COOCa, Acros Organics, 99%) in double-distilled water in 3g/ 
100 mL concentration. Subsequently, 10 mL of 0.06 g/L disodium 
hydrogen phosphate (Na2HPO4, VWR International Ltd. - 99%, AnalaR 
NORMAPUR) solution was gradually dripped into the solution with 
vigorous agitation (1400 rpm) at room temperature, thereby adjusting 
the calcium-to-phosphorus molar ratio to 5:3. The addition of the 
phosphorus precursor immediately caused white powder precipitation. 
The pH of the suspensions was adjusted to 11 by gradually adding a 
suitable amount (0.6 g/L) of anhydrous sodium carbonate (Na2CO3 
anhydrous, (VWR International Ltd. - ≥99.5% ACS), and the suspension 
was left for 24 h to obtain phase transformation and carbonated apatite 
particles.

To prepare the functionalized carbonated apatite (fcAp) powder, cAp 
powder was combined with magnesium L-pidolate (C10H12MgN2O6, 
VWR International Ltd., ≥98%, high purity), zinc gluconate (HOH2C(CH 
(OH))4COOZn, VWR International Ltd. - ≥99.0%, AnalaR NORMAPUR), 
and strontium ranelate (C12H6N2O8SSr2,VWR International Ltd. - 
≥99.0%, AnalaR NORMAPUR) in a weight proportion of 3:1:1:1, (3g 
cAp, 1g magnesium L-pidolate, 1 g zinc gluconate and 1 g strontium 
ranelate) using ethanol as a dispersant. These weight ratios were spe
cifically chosen to achieve a high concentration of therapeutic elements, 
all while maintaining the composite coating's workability and structural 
stability. The mixture was stirred intensely for 2 h at room temperature 
and 1400 rpm to ensure a uniform dispersion, after which it was 
permitted to settle. After sedimentation, the solid phase was rinsed 
repeatedly with ethanol to remove residual reagents and then dried at 
100 ◦C for 4 h. The collected dried powder was then ready for further 
characterization and use in the spin coating process.

2.2. Preparation of composite thin layers by spin coating

Titanium disks (diameter: 30 mm; thickness: 3 mm) were used as 
substrates (donated by Sanatmetal Kft, Eger, Hungary). The surface of all 
titanium alloy discs was roughened by titanium plasma spraying (TPS: 
Titanium Plasma Spray ISO 5832-2 ASTM F1580, layer thickness 0.25 
mm). The thickness of the titanium primer coating is 250 ± 50 μm, and 
the grain size of unalloyed titanium is 180 μm (ISO 5832-2). Poly
caprolactone (PCL, average Mw ~80,000, Sigma-Aldrich) and cellulose 
acetate (CA, average Mw ~ 100,000, Acros Organics, Geel, Antwerp, 
Belgium, acetyl content 39.8%)) were used as biopolymers and bio
adhesives. Using a Chemat Technology Spin Coater KW-4A, biopolymer 
and composite coatings were applied to metallic implant surfaces 
through a spin-coating method. CA polymer was solubilized in acetone 
(VWR International Ltd., ≥99%, technical), 2 g CA in 20 mL acetone 
(10% w/v), and PCL in dichloromethane (DCM, ACS reagent, ≥99.5%, 
Merck KGaA, Darmstadt, Germany)) 2 g PCL in 20 mL acetone (10% w/ 
v). For the fcAP-PCL composite thin layer, fcAP particles and PCL were 
combined in DCM at a 1:2 wt ratio (1g fcAp powder and 2 g PCL powder 
were dispersed in DCM) and thoroughly stirred to achieve good homo
geneity. Similarly, the fcAP-CA composite was produced by dispersing 
fcAP particles in acetone with CA polymer, also at a 1:2 wt ratio (1g fcAp 
powder and 2 g CA powder were dispersed in acetone thoroughly). The 
implant surfaces were coated with these mixtures at a volume of 200 μL 
per surface area and subjected to a two-stage spin-coating process: an 
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initial stage at 500 rpm for uniform suspension spreading, and a sub
sequent stage at 2000 rpm to aid in the evaporation of the solvent at 
ambient temperature.

2.3. Morphological characterization methods

The morphological assessments of cAp and fcAp powders as well as 
the CA and PCL polymers, and both composite layer types were per
formed using a scanning electron microscope (SEM, Thermo Scientific 
Scios2, Waltham, MA, USA) with an Energy Dispersive X-ray Spec
trometry system (Oxford Instruments EDS detector X-Maxn, Abingdon, 
UK). Map-sum spectra were recorded at an accelerating voltage of 16 
keV. For cross-sectional analyses, FIB measurements were done with 
LEO 1540XB Crossbeam workstation. The ion beam parameters in FIB 
milling mode were 30 kV accelerating voltage and 5 nA beam current. 
For SEM/FIB measurements, the samples were tilted at 52◦. Samples 
were measured as prepared, without any pre-treatment.

Transmission electron microscopy (TEM) investigations were per
formed using a Cs-corrected (S)TEM Themis microscope operating at 
200 keV. Samples were drop-casted from ethanol dispersions onto ul
trathin carbon films (TED PELLA) onto meshy carbon films on copper 
grids (Ultrathin, meshy carbon support film, 400 mesh).

Surface microtopography and roughness were further studied by an 
optical microscope (Keyence VHX-6000, KEYENCE Corporation, Osaka, 
Japan).

2.4. Structural analyses

X-ray diffractometry (XRD) was employed to analyze calcium phos
phate phases, using a Bruker AXS D8 Discover instrument. This device 
included a Cu Kα radiation source (λ = 0.154 nm), a Göbel mirror, and a 
Bruker AXS scintillation detector (Karlsruhe, Germany). The in
strument's operational settings were 40 kV and 40 mA. Diffraction pat
terns were acquired within a 2Θ range of 10◦–65◦, with a scan rate of 
0.3◦/min and a step size of 0.02◦. For the evaluation of patterns and the 
identification of crystallite phases, Diffrac.Eva software was utilized. For 
infrared spectroscopic (FT-IR) analyses, the attenuated total reflection 
(ATR) technique was conducted with a Varian Scimitar 2000 FT-IR 
spectrometer (Varian Inc., USA). This spectrometer came equipped 
with an MCT (mercury–cadmium–telluride) detector and a "Golden 
Gate" single-reflection diamond ATR unit (Specac Ltd., UK). To prepare 
solid samples, they were pressed firmly onto the diamond crystal by a 
sapphire anvil exerting a constant force of 70 cNm. Spectra were 
captured with a nominal resolution of 4 cm− 1 and involved 128 co- 
added scans. ATR correction steps were completed before any data 
evaluation.

2.5. Inductively coupled plasma–optical emission spectroscopy (ICP-OES) 
study

An ICP-OES spectrometer (PerkinElmer Avio 200) was utilized to 
assess the elemental composition of cAp and fcAp powders and the 
dissolution behavior of Ca, Mg, Sr, and Zn elements. The measurements 
were performed in a cyclone spray chamber, with 1 ppm Y serving as the 
internal standard. Calibration involved a four-point approach, applying 
standard solutions at concentrations of 0.01, 0.1, 1, and 10 ppm for each 
element. To analyze elemental composition, powder samples underwent 
dissolution in 5 mL of 1 N HCl. For determining the dissolution prop
erties of the two composite coating types, samples, each possessing an 
effective surface area of 100 cm2, were immersed in 50 mL of a sterile, 
filtered phosphate-buffered saline (PBS) solution (137 mM NaCl, 2.7 
mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.2, sourced from 
Merck, Rahway, New Jersey, USA). Solution samples were then drawn 
from the supernatant at regular time points of 1, 5, 10, 15, 20, and 30 
days.

2.6. Corrosion test by electrochemical potentiodynamic measurements

A conventional three-electrode cell setup, controlled by a Gamry 
600+ potentiostat (Gamry Instruments, Warminster, PA, USA), was 
employed for electrochemical assessments. The working electrode con
sisted of either uncoated or coated metallic implant samples; a platinum 
wire acted as the counter electrode, and an SCE/KClsat electrode served 
as the reference. PBS served as the electrolyte solution. Potentiodynamic 
polarization curves were captured using a 1 mV s− 1 scan rate. The open- 
circuit potential (OCP) was monitored for half an hour to ensure stabi
lization prior to measurement. Anodic curves were obtained by scanning 
from +50 mV above the OCP up to 2 V. In the electrochemical mea
surements, a specially designed electrochemical cell setup was used, 
with the working electrode positioned so that only 1 cm2 of its surface 
area could come into contact with the electrolyte.

2.7. Immersion test for coating degradation

To assess the bioresorbability of PCL-fcAp and CA-fcAp composite 
non-continuous coatings, an immersion test was conducted. All samples, 
prepared as 30 mm × 3 mm discs, were submerged in PBS, ensuring a 
consistent exposed surface area of 10 cm2. Each sample was placed in a 
separate container with 10 mL of PBS and kept at room temperature for 
two weeks. Three identical samples of each coating type were utilized at 
every measurement interval. Weight change was determined using the 
formula: W% = (Ws – Wd)/Ws × 100%, where Ws represents the initial 
weight and Wd is the dry weight after 0, 1, 10, 15, 20, and 30 days of 
immersion. At each designated time, samples were taken out, washed 
with distilled water, and dried at 50 ◦C until a constant mass was 
achieved.

2.8. Adhesion test

The adhesion of the coatings to the titanium substrate was assessed 
using the tape test method, in accordance with European standard EN 
ISO 2409. The testing procedure involved making incisions in the sur
face of the samples with an edge knife (Elcometer crosshatch cutter, 
Elcometer Instruments Ltd., Manchester, UK), creating a grid of cuts in 
two perpendicular directions. Once the cuts were completed, adhesive 
tape was hand-pressed onto the sample surface. The tape was then 
stripped away at roughly a 60-degree angle after a 5-min interval. The 
samples were categorized according to an adhesion class model by 
observing the extent of coating loss within the grid of notches. More
over, the exterior of every sample was examined using a Keyence optical 
microscope.

2.9. Statistical analysis

Differences between experimental groups were analyzed using one- 
way analysis of variance (ANOVA, Origin 2024, OriginLab Corpora
tion, USA). Tukey's post-hoc test was applied for comparisons of mean 
values. Statistical significance was defined at P = 0.05. Values of P <
0.05 were considered statistically significant (P < 0.05), and values 
below 0.01 were considered highly significant (P < 0.01). The number of 
samples per group was N = 3.

3. Results and discussion

3.1. Morphological characterization of different samples

Extensive morphological evaluations were performed by SEM ob
servations on cellulose acetate polymer layer, PCL polymer layer, pure 
carbonated apatite powder (cAP), therapeutic component-added apatite 
powder (fcAP) particles, as well as the fcAp-CA and fcAp-PCL composite 
layers, and presented in Fig. 1.

As can be observed, the pure cellulose acetate particles show a 
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uniform morphology, characterized by a smooth surface and the absence 
of clearly distinguishable particle interfaces (Fig. 1 a). In contrast, the 
PCL sample displays a heterogeneous surface morphology, consisting of 
irregularly shaped agglomerates (in the size of 100 nm to 1500 nm) 
embedded within an amorphous polymeric matrix (Fig. 1 b).

The carbonated apatite powder is composed of elongated nano
crystals that assemble into approximately spherical aggregates with di
ameters of about 2 μm. The length of the individual cAp particles varies 
between 100 and 150 nm (Fig. 1 c). This type of nanocrystalline apatite 
morphology has been widely documented in previous reports [32–34]. 
The therapeutic compounds visibly altered the morphology of cAP 
particles (Fig. 1 d). Following functionalization, the powder is domi
nated by nearly spherical nanoparticles with diameters of approximately 
50–100 nm, which tend to aggregate into larger clusters. Fig. 1 (e) and 
(f) demonstrate the morphology of the fcAP containing biopolymer 
composites. The fcAP-CA composite (Fig. 1 e) has a unique micro
structure, in which the polymer and the fcAP particles can be easily 
distinguished. The small, rounded fcAP particles are incorporated into 
the biopolymer, and the particles are surrounded by amorphous CA 
particles that have an elongated filamentous shape, forming a very 

porous structure with interconnected pores. In the case of the fcAP-PCL 
composite, a denser structure is visible, with fewer and smaller pores, 
compared to the fcAP-CA composite. The larger PCL particles and the 
smaller fcAP particles are unevenly mixed and can be easily discerned.

Both the elemental mapping and the EDS spectrum have proven the 
presence of the therapeutic elements within the apatite powder (Fig. 2). 
The EDS layered image, as well as the elemental mapping, reveal that 
the magnesium and zinc are homogeneously distributed, while the 
strontium component is detected in isolated spots in the investigated 
area.

The cAp and fcAp powder samples were further analyzed by TEM 
measurements to get a deeper insight into the nanostructure of the 
particles (Fig. 3).

TEM analysis verified that the cAp powder is composed of crystalline 
2D flakes and needle-like structures, measuring 100 nm long and about 
10 nm thick. Similarly, the fcAp sample features crystalline needle- 
shaped particles of equivalent size, alongside detected particles con
taining Mg, Zn, and Sr. The elemental distribution maps align with the 
SEM results, showing that Mg and Zn are fairly uniform while Sr is less 
abundant. Doped particles containing these elements range from 200 to 

Fig. 1. SEM images of cellulose acetate (a), PCL (b), cAp powder (c), fcAp powder (d), fcAp-CA composite (e), and fcAp-PCL composite (f).
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1000 nm in size, though Fig. 3 (d) illustrates that Sr-containing particles 
sometimes cluster into larger blocks. These specific agglomerates reach 
sizes between 1 and 5 μm, as seen in Fig. 2 (c) and 3 (d).

The exact elemental compositions of cAp and fcAp were evaluated by 
ICP-OES technique and are presented in Table 1.

The calculated Ca/P mass ratio was around 2.15 for cAp and 2.07 for 
fcAp. These ratios are close to the reported elemental ratios in human 
bones [35,36]. The Ca:Mg:Zn:Sr element ratio was around 65:5:9:21, 
calculated from the ICP-OES measurements. On the other hand, the 
nominal elemental ratio calculated from the synthesis feed was 
67.5:13.5:8.6:10.4, whereas the mass ratio of the cAp, Mg pidolate, Zn 
gluconate, and Sr ranelate powders was 3:1:1:1. The differences in 
values are primarily due to differential recovery of organic metal com
plexes during acid digestion. While Ca and Zn show excellent agreement 
(±5%), Mg exhibits significant under-recovery likely due to incomplete 
dissolution of the organic pidolate ligand. In contrast, Sr-ranelate shows 
enhanced recovery consistent with its higher acid solubility. These ob
servations confirm successful incorporation of all therapeutic elements, 
with the observed deviations reflecting standard analytical behavior of 
organic-inorganic composite materials rather than formulation in
consistencies. However, these differences are moderate and do not un
dermine the overall statement that the therapeutic elements were 

successfully incorporated into the fcAp powder at concentrations close 
to the intended nominal levels.

3.2. Structural assessments of cAp and fcAp powders and their composites 
with PCL and CA polymers

3.2.1. Structural characterization by XRD measurements
The phase compositions of apatite powders and their composites 

with a synthetic biopolymer, such as PCL, and a naturally derived 
polymer, such as CA, are presented in Fig. 4.

The XRD pattern of the cAp powder, precipitated from organic Ca 
gluconate salt, shows a weak and broadened peak between the 2Θ areas 
of 30 and 33◦, which is a merged triple characteristic peaks of hy
droxyapatite crystals at 2Θ = 31.7◦, 32.2◦, and 32.9◦. This can indicate 
that the powder consists of randomly oriented nanocrystals or has a 
semi-amorphous structure (JCPDS 01-086-1199). A similar structure of 
nanocrystalline carbonated apatite was described in other papers [37,
38]. Fig. 4 (a) also contains the XRD pattern of the added therapeutic 
components, such as the Mg pidolate, Sr ranelate, and Zn gluconate. 
These spectra cannot be found in any available scientific databases; 
however, it is visible that the Sr and Zn salts are highly crystalline, with 
sharp and high-intensity peaks. On the other hand, the Mg pidolate has 

Fig. 2. SEM-EDS layered image (a), EDS spectra (b), and elemental mapping of fcAP powder sample (c).
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amorphous structure, presenting in two large, broad peaks at around 2Θ 
= 10◦, and 20◦ As for the mixed fcAp powder, the characteristic 
broadened peak of nanocrystalline carbonated apatite and the 

characteristic peaks of the added organic Mg, Zn and Sr salts can also be 
observed, albeit, in much less intensity. These additional peaks in fcAp 
cannot be differentiated clearly because they overlap. The XRD pattern 
of PCL shows sharp diffraction peaks at around 2Θ = 21.4◦ and 23.7◦, 
which correspond to the (110) and (200) crystal planes, respectively 
(JCPDS file no. 96-720-5590) [39], indicating its semi-crystalline na
ture, which means it contains both crystalline and amorphous regions.

In the case of the PCL-fcAp sample, extra peaks appear; a merged 
broad peak between 2Θ of 31◦ and 33◦ region, and a single peak at 
around 2Θ = 25.7, which can be linked to the amorphous apatite. The 
characteristic peaks of PCL polymer also remained in the spectrum 
without significant change. Similar results were obtained in the work of 
Bauer et al. [40]. They have prepared biomimetic ion-substituted cal
cium phosphate scaffolds, where the CaP was derived from cuttlefish 
bone. The CaP powder was doped with Mn2+, Mg2+, and Sr2+ ions in 1, 
2.5, and 5 mol%. In their case, there is no significant difference between 

Fig. 3. TEM image of cAp powder (a), fcAp powder (b), HAADF (High-Angle Annular Dark-Field) STEM (Scanning Transmission Electron Microscopy) image, and the 
corresponding elemental mapping on fcAp powder (c) as well as on a specific Sr-rich area of sample (d).

Table 1 
Concentrations of elements in the cAp and fcAp powders. Mean values (±SD) (N 
= 3).

C/mg/L cAp fcAP

Ca 1103.14 ± 5.4 511.38 ± 3.2
P 515.01 ± 3.5 247.02 ± 2.4
Mg - 43.32 ± 1.9
Zn - 71.75 ± 2.1
Sr - 166.15 ± 6.4
Ca/P (Wt%) 2.14 2.07
Ca/P (At%) 1.65 1.60
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the XRD patterns of the substituted and non-substituted scaffolds, sug
gesting that the lattice structure of HAp is not markedly affected by ion 
substitutions. The same research group, in their earlier work [41], 
investigated Mg- and Sr-co-substituted calcium phosphate (CaP) scaf
folds, with various levels of strontium and magnesium substitution. The 
CaP powder was impregnated with PCL solution in chloroform. This 
particular XRD pattern was consistent with crystalline HAp, further 
revealing the presence of whitlockite in samples that had been 
substituted with Sr and Mg.

Noticeable XRD variations are present in the CA-based samples, 
encompassing both the pure polymer and composite forms. Cellulose 
acetate, a compound derived from cellulose, has specific X-ray diffrac
tion patterns that can elucidate its molecular arrangement and how 
crystalline it is. These patterns typically display wide peaks, pointing to 
an amorphous or partially crystalline state. The broadness of these peaks 
implies a lack of extended structural order, in contrast to the narrow 
peaks found in highly crystalline materials. The most frequently 
observed peaks appear at 2Θθ angles of about 12◦ and 18◦, commonly 
associated with the amorphous areas of cellulose acetate. Furthermore, 
certain research has reported peaks around 15.70◦ and 22.44◦, 
providing additional evidence for the presence of amorphous domains 
within material [42]. These peaks can vary slightly depending on 
experimental conditions and the specific sample being analyzed. 
Moreover, the degree of acetylation can also significantly influence the 
XRD pattern of cellulose acetate. Higher acetylation can lead to a more 
amorphous structure [43], resulting in broader and less defined peaks in 
the XRD pattern. This is because increased acetylation disrupts the 
regular packing of cellulose chains, reducing crystallinity and promoting 
a more amorphous structure. Besides, the broadened peaks in the XRD 
pattern can also indicate smaller crystal sizes or the presence of defects 

in the crystalline structure [44]. In our case, the CA-fcAp composite 
sample presents a higher degree of crystallinity than the pure CA sample 
with sharper peaks and higher intensity, in contrast to the PCL-fcAp 
composite. The extra peaks related to the apatite are also visible in the 
31◦ - 33◦ 2 theta region (also in Fig. 4 b). In the cases of composite 
samples (using either CA or PCL matrices), it was observed that the 
addition of fcAp powder altered the original XRD pattern, affecting the 
peak positions and intensities.

3.2.2. FT-IR measurements on powders and composites
All samples were analyzed by FT-IR measurements to reveal the 

characteristic groups of the powder and composite materials.
The IR measurement of the cAp sample reflects the spectrum of 

carbonated apatite (Fig. 5 a).
The apatite ν3PO4

3− (1012 cm− 1) and ν4PO4 (doublet at 600 and 560 
cm-1) vibrations dominate in the spectrum. The carbonate peaks in 
carbonate apatite (cAp) appear as stretching vibrations (ν3 and ν4 
modes) and bending vibrations (ν2 and ν4 modes). The ν3 mode, related 
to the carbonate group's CO bond, typically shows strong absorption 
bands in the 1400-1600 cm− 1 range, while the ν2 mode (out-of-plane 
bending) is visible in the 850-900 cm− 1 range. These bands are specific 
to cAp and differ from those of non-carbonated hydroxyapatite (HAp), 
allowing for the detection and quantification of carbonate within the 
apatite structure [45,46]. The vibrations of the water bands (-OH 
stretching vibration) appear as a broad peak in the 3500-3300 cm-1 
region and can be associated with moisture trapped in the powder 
samples. In the case of the fcAp sample, the spectrum is slightly 
different, since the characteristic peaks originating from the organic 
additives also appeared. For instance, for the magnesium pidolate, 
which is the magnesium salt of pyroglutamic acid (a 

Fig. 4. XRD patterns of cAp, fcAp powders along with the therapeutic components (a) and the PCL-fcAp (b), CA-fcAp composites (c).
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pyrrolidone-2-carboxylate), the key infrared-active functional groups 
are present as a sharp to moderately broad absorption between 3300 and 
3500 cm− 1 (characteristic N–H stretching) [47]. This is visualized in a 
larger and broader peak compared to the cAp sample. The lactam fea
tures a C––O stretch that usually shows up at around 1650–1700 cm− 1. 
Carboxylate vibrations, such as asymmetric COO− stretch at around 
1550–1610 cm− 1, symmetric COO− stretch at around 1400–1450 cm− 1, 
as well as a C–O stretch typically appear between 1300 and 1000 cm− 1. 
Additionally, vibrations from the lactam ring, such as C–N stretches 
around 1250–1000 cm− 1, C–C ring deformations, and C–O–H vibrations 
between 1000 and 600 cm− 1. The general FT-IR features of Zn gluconate 
are the carboxylate group (COO− ) vibrations, asymmetric stretching 
ν(COO− ), typically strong at around 1630–1650 cm− 1, symmetric 
stretching ν(COO− ), at around 1400–1420 cm− 1. Hydroxyl (O–H) 
stretching at around 3400 cm− 1, and C–O stretching in alcohol groups 
appear in the 1000–1100 cm− 1 region. Additionally, the in-plane O–H 
bending appears in the 1400–1470 cm− 1 range, while out-of-plane O–H 
bending appears near 600–650 cm− 1 [47]. The Sr ranelate content ap
pears in relevant peaks of its specific functional groups. These peaks 
originate from carboxylate groups (COO− ), such as asymmetric stretch 
ν(COO− ) at around 1600–1650 cm− 1 and symmetric stretch ν(COO− ) at 
1380–1420 cm− 1 region. The sulfonyl groups (–SO2–), S––O stretching 
vibrations appears as asymmetric stretch at 1150–1250 cm− 1 and sym
metric stretch at ~1030–1080 cm− 1, while the aromatic ring vibrations, 
C––C stretching at ~1500–1600 cm− 1, C–H in-plane bending at 
~1000–1200 cm− 1 and C–H out-of-plane bending at ~700–900 cm− 1. 
Ranelic acid also contains nitrogen in a heteroaromatic form, which 
appears in C––N stretching at ~1550–1650 cm− 1; however, this band 
may overlap with COO− and aromatic stretches [48,49].

Regarding the composite materials, in the FT-IR spectra of the CA- 
fcAp sample, only the characteristic bands of CA are dominant, while 

in the case of the PCL-fcAp sample, the vibrational bands characteristics 
of apatite are visible along with the characteristic peaks of PCL. For both 
types of polymers, the fcAp addition did not cause a significant change in 
the spectrum; they remained identical (Fig. 5 b).

FT-IR deconvolution analysis of the ν2(CO3
2− ) region (850-900 cm− 1) 

following the methodology of Madupalli et al. [50] confirms that B-type 
carbonate substitution (CO3

2− for PO4
3− , peak at ~872 cm− 1) is dominant 

in both cAp (57.5%) and fcAp (77.0%) samples. Minor A-type contri
butions (~879 cm− 1) were also resolved. Using the validated area ratio 
method described in paper [51], estimated carbonate contents were 
3.2-4.8 wt% for cAp and 2.1-3.9 wt% for fcAp, values consistent with 
synthetic bone-mimetic apatites. The predominance of B-type substitu
tion aligns with the calcium-deficient Ca/P ratios observed and the 
low-temperature aqueous synthesis conditions, supporting the bio
mimetic character of these materials for implant coating applications.

3.2.3. Morphological assessment of thin composite coatings on titanium 
substrates

The thin layers were deposited onto the surface of titanium via spin 
coating. The micro and nanostructures of these coatings are presented in 
Fig. 6.

The SEM image of a commercial titanium implant reveals a very 
rough microtopography with large, unevenly oriented, sharp metallic 
particles (Fig. 6 a). It also has deep holes in the investigated area. The 
CA-coated sample has a completely different morphology (Fig. 6 b). The 
SEM micrograph reveals a smoother surface with a heterogeneous 
topography characterized by numerous hemispherical protrusions and 
crater-like depressions, with diameters ranging from the submicron 
scale to several micrometers. The overall surface architecture indicates a 
high degree of porosity and microstructural irregularity, which may 
arise from gas evolution during the preparation process. The CA-fcAp 

Fig. 5. FT-IR spectra of cAp, fcAp powders along with the organic therapeutic components (a) as well as the PCL-fcAp and CA-fcAp composites (b) and FT-IR 
carbonate deconvolution analysis for your cAp and fcAp samples (c).
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composite (Fig. 6 c) has a highly porous structure with interconnected 
pores. The small fcAp particles are attached to the polymer particles that 
have mainly fibrous, elongated morphology. This architecture resembles 
the hierarchical porosity of cancellous bone, producing a highly open 
and interconnected structure. The pure PCL layer also presents a 
smooth, amorphous, rippled structure that contains many holes, ranging 
from nanometers to micrometers in size (Fig. 6 d).

PCL-fcAp composite layer, prepared with the same method, has also 
heterogeneous micro- and nanostructures. The SEM image (Fig. 6 e) 
reveals that the smaller fcAp particles are incorporated into the larger, 
plate-like polymer particles. It is visible in higher magnifications that the 
small, needle-like fcAp particles are either between the PCL plates or are 
deposited onto the surface of the PCL plates in discrete areas. The layer 
also contains several holes and larger cracks.

It is also visible that the microstructures of both composite coatings 
are highly porous with numerous holes inside. Such porous architecture 
is expected to promote cellular attachment and proliferation by 
providing a large accessible surface area [52]. The presence of an 
interconnected pore system supports mass transport, allowing efficient 
diffusion of nutrients and oxygen while enabling metabolic waste 
removal [53–55]. The thickness of the individual composite clusters was 
studied by FIB cut and SEM measurements. It was proven that the layers 
in both composites are ultra-thin, varying between 2 and 8 μm. It is also 
visible that the inner structure of the composites is highly porous with 
interconnected pores.

The topography and distribution characteristics of the different 
layers were examined by optical microscope as well (Fig. 7).

Optical microscope images provide an alternative perspective on the 

Fig. 6. SEM images of uncoated titanium substrate (a), cellulose acetate layer (b), PCL layer (c), fcAp-CA composite layer (d), and fcAp-PCL composite layer (e), 
SEM-FIB cross-sectional analysis on fcAp-CA composite layer (f) SEM-FIB cross-sectional analysis on fcAp-PCL composite layer (g) and SEM cross-sectional image of 
the interface fcAp-PCL composite cluster.
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substrate and its various layers. It is visible that all the layers are un
evenly distributed across the implant material's rough surface. The 
layers only partially cover the substrate and appear to be discontinuous. 
This feature of the structure is beneficial for the biodegradability of 
layers. As the primary goal of the coating is to accelerate bone growth, it 
is more advantageous for these coatings to dissolve in the human body 
concurrently with bone regeneration, facilitating complete recovery 
[56,57].

The SEM and optical microscopy images (Figs. 6 and 7) confirmed 
the successful deposition of a non-continuous coating, where composite 
clusters are distributed across the rough titanium substrate. The 
observed discontinuity of the coating is an intentional structural char
acteristic rather than a result of imperfect processing. As hypothesized, 
this structure is highly beneficial for biodegradability and bone 
ingrowth. The voids between clusters provide immediate pathways for 
cell migration and fluid transport, enhancing initial biological integra
tion [54]. Furthermore, this design prevents the formation of a large, 
continuous polymer-ceramic interface that is prone to cohesive failure 
under mechanical load [56]. Instead, degradation can be initiated at 
multiple discrete sites, allowing for a more gradual and harmonious 
transfer of mechanical support from the resorbing coating to the newly 
formed bone infiltrating the spaces. This approach aligns with the 
findings of Ballo et al. [57], who demonstrated that coatings allowing 

direct bone-implant contact resulted in superior mechanical fixation 
compared to continuous barrier coatings.

3.3. Surface roughness measurements

The roughness of the surface is also a crucial factor for the integra
tion of implants by the human body. It is extensively reported that 
rougher surfaces are beneficial for the attachment of bone cells [58].

Fig. 8 illustrates the surface macrotopography and roughness mea
surements on the substrate as well as on different discontinuous 
coatings.

The roughness profiles confirm the high roughness of the surfaces. It 
also reveals that the titanium has the roughest surface, while applying 
thin, non-continuous layers slightly decreased the roughness. This can 
be attributed to the fact that the coatings, in all cases, tend to accumulate 
in the deepest parts of the surface.

The parameters of the surface roughness of different samples are 
shown in Table 2.

According to the RzJIS values, which give the average of the five 
highest peaks and five deepest valleys within a specified sampling length 
on a roughness profile, the largest peak-to-valley distance, 138 μm, was 
observed for titanium, contrasting with the lowest values found in 
polymer-coated samples (both CA and PCL). Composite coatings 

Fig. 7. Optical microscope images of uncoated titanium substrate (a), cellulose acetate layer (b), PCL layer (c), fcAp-CA composite layer (d), and fcAp-PCL composite 
layer (e).
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exhibited increased roughness, but their values were not higher than those of the bare substrate. It is noted that surface roughness and 

Fig. 8. Optical microscope images and surface roughness of Titanium substrate, and the non-continuous coatings of CA polymer, CA-fcAp composite, PCL polymer, as 
well as PCL-fcAp composite.

Table 2 
Surface roughness parameters from the line profile of the investigated samples. Parameters are presented as arithmetic average roughness (Ra), the largest difference 
from peak-to-valley (Rz), RzJIS (surface roughness parameter), maximum profile peak height (Rp), and the maximum profile valley depth (Rv). The surface roughness 
was scanned at six different line profiles, and the mean values ± SD are presented (N = 6).

Samples Ra/μm Rz/μm RzJIS/μm Rp/μm Rv/μm

Titanium 30.29 ± 4.22 156.14 ± 11.98 138.80 ± 13.61 105.65 ± 9.96 70.49 ± 8.32
CA layer 18.69 ± 2.19 126.31 ± 15.01 70.25 ± 7.44 72.80 ± 5.26 53.52 ± 7.41
CA-fcAp 26.24 ± 5.25 132.38 ± 12.17 121.44 ± 11.73 114.71 ± 15.39 77.67 ± 9.26
PCL layer 20.02 ± 3.41 96.85 ± 7.64 66.03 ± 8.77 50.90 ± 6.74 45.95 ± 4.68
PCL-fcAp 25.94 ± 4.39 99.82 ± 8.98 112.87 ± 12.84 99.35 ± 11.65 68.88 ± 9.55
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hydrophilicity are directly related, which promotes better osteoblast 
spreading and differentiation [58,59].

The roughness measurements can also determine the specific surface 
volume of different samples. The surface area investigated was 10 mm2 

for all samples, and the values are demonstrated in Table 3.
It has been shown by roughness measurements that the uncoated 

titanium surface exhibits the highest volume, whereas the non- 
continuous coatings consistently caused a small decrease in the avail
able surface area. This outcome can be attributed to the accumulation of 
both polymer and composite coatings within the deeper valleys of the 
surface.

3.4. Corrosion and degradability tests

3.4.1. Tafel evaluation
Electrochemical measurements can determine the corrosion rate of 

implant materials. The curves were recorded at a 1 mV/s scanning rate, 
spanning ±150 mV from the open circuit potential (OCP). To achieve an 
equilibrium state, the OCP was monitored for 30 min. From the inter
section points of the cathodic and anodic Tafel curve slopes, the current 
densities (jcorr) and corrosion potentials (Ecorr) for each material were 
ascertained.

As Fig. 9 and Table 4 illustrate, the uncoated substrate displayed the 
most negative corrosion potential, indicating heightened electro
chemical activity. In this case, elevated corrosion currents were also 
recorded, a consequence of the larger electrochemically active surface 
area interacting with the electrolyte. Conversely, the polymer-based 
discontinuous composite layers exhibited slightly reduced corrosion 
currents, suggesting fewer charge-transfer processes. This is attributable 
to the partial coverage of the samples' surface by a non-conductive 
composite layer. The electrochemical corrosion assessments confirmed 
that the coating hindered the release of Ti4+ from the implant material, 
a finding consistent with reported corrosion measurements for both 
hydroxyapatite and polymer composite coatings [60,61].

The corrosion rate generally correlates linearly with the corrosion 
current density, as determined from the polarization curves. The 
potentiodynamic variables and the linear polarization resistance (Rp) 
were computed within the ±50 mV potential window around the 
corrosion potential (Ecorr) using the simplified Stern–Geary equation 
(1). The Rp for titanium was minimal, whereas the maximum value was 
observed for the CA-fcAp partially coated titanium. Fundamentally, Rp 
is inversely proportional to the uniform corrosion rate. 

Rp =
B

jcorr.
, (1) 

where B = 0.026V constant, jcorr is corrosion current density (in A/cm2)
The corrosion rate can also be calculated with equation (2), which 

gives the mass of corrosion product in g/(cm2⋅s). 

CR=
jcorr. x EW

nxF
(2) 

and CR × 3.1536 × 1010, in mg/year dimension.
where CR is the corrosion rate (in g/cm2⋅s), jcorr is corrosion current 

density (in A/cm2), EW is the equivalent weight (in g/mol), for titanium, 

it is 11.9675 g/mol n is the number of electrons transferred, and F is 
Faraday's constant (96,485 C/mol)

It's important to note that fcAp, being a ceramic material, undergoes 
degradation primarily through solution equilibria, involving dissolu
tion/precipitation in PBS, rather than electron transfer; therefore, in this 
case, Faradaic charge transfer is inapplicable.

3.4.2. Electrochemical potentiodynamic measurements
The potentiodynamic curves were recorded over a large potential 

range in the anodic region to observe the possible surface passivation 
processes. Three replicate samples were measured after 1 day, 10 days, 
20 days, and 30 days of immersion in PBS solutions.

Potentiodynamic curves were acquired over a wide potential range, 
extending to anodic potentials of +2 V. As illustrated in Fig. 10, the 
anodic branch of the titanium sample exhibits a wide and well-defined 
passive region, with passivation initiating at approximately +200 mV. 
The reproducibility of the curve profiles over time confirms the elec
trochemical stability of the surface. A slight decrease in passive current 
density during the anodic sweep indicates progressive stabilization of 
the passive film. Passive layer breakdown occurs at approximately +1.5 
V, marked by a sharp increase in current density.

In contrast, partially coated titanium samples display distinctly 
different polarization behavior, attributable to their heterogeneous 
surface composition and structural complexity. These samples exhibit an 
extended passive region commencing at approximately +50 mV; how
ever, passive film breakdown occurs at lower potentials, around +1.2 V, 
for both composite coatings.

For coated systems, the passive region becomes increasingly unstable 
with rising overpotential. Repeated breakdown and re-passivation 
events are observed between +300 and + 600 mV for the PCL- 
fcAp–titanium sample and between +100 and + 300 mV for the CA- 
fcAp–titanium sample, indicating localized disruption of the passive 
layer during anodic polarization. Furthermore, the pronounced slopes of 
the anodic branches across all samples suggest that the electrode pro
cesses are governed by a combination of charge-transfer kinetics and 

Table 3 
3D roughness parameters of different samples. Sa is the arithmetical mean 
height, Sz is the maximum height, Sq is the root mean square height within the 
evaluation area of 10 mm2.

Samples Sa/μm Sz/μm Surface volume/mm3

Titanium 36.94 148.95 1.09
CA layer 17.04 118.63 0.77
CA-fcAp 36.07 126.15 0.89
PCL layer 17.23 104.82 0.68
PCL-fcAp 30.08 112.60 0.91

Fig. 9. Tafel curves of uncoated titanium, PCL-fcAp composite layer and CA- 
fcAp composite layer recorded after 30 min of electrolyte stabilization in 
PBS. The scanning rate was 1 mV/s ± 150 mV from the open circuit poten
tial (OCP).

Table 4 
Corrosion parameters of different samples by evaluation of Tafel curve.

Sample Ecorr/mV jcorr/nAcm− 2 Rp/kΩcm2 CR/mgcm− 2yr− 1

Titanium − 116 39.46 658.89 0.154
PCL-fcAp − 102 33.11 785.26 0.123
CA-fcAp − 108 21.37 1216.65 0.083
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mass transport limitations. The time dependence of corrosion potentials, corrosion current 

Fig. 10. Potentiodynamic polarization curves of uncoated Titanium (a), PCL-fcAp-coated titanium (b), and CA-fcAp-coated titanium (c) recorded several times over a 
month in PBS. The potential scanning rate was 1 mV s− 1 in each case.

Fig. 11. Electrochemical parameters: Ecorr (a), jcorr (b) and jp (c) derived from the potentiodynamic curves in Fig. 10. Values are graphed as the mean ± standard 
deviation (N = 3). * Indicates P < 0.05 (statistically different).
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densities (jcorr), passive current densities (jp) at 0.5 V overpotential are 
presented in Fig. 11.

As illustrated in Fig. 11 (a), the corrosion potential (Ecorr.) values for 
each material type progressively shifted towards more positive poten
tials over time. The uncoated implant consistently showed more nega
tive corrosion potentials, signifying a more electrochemically active 
surface.

As depicted in Fig. 11 (b), the corrosion current density (jcorr.) 
values were derived from the intersection of lines extrapolated from the 
cathodic and anodic branches of the potentiodynamic curves found in 
the Tafel region, a method analogous to that in Fig. 9. The corrosion 
current densities of the uncoated implant were observed to decrease 
gradually over time; however, both composite coatings exhibited a 
marginally faster reduction in their measured jcorr values. The PCL- 
based composite's jcorr values diminished steadily but slowly during 
the immersion period, while the CA-based composite coated sample 
initially showed a swift decline in its corrosion current, followed by a 
deceleration that led to a semi-saturated curve. Additionally, the tita
nium uncoated substrate registered the lowest passive current densities, 
which barely fluctuated over the immersion time (Fig. 11 c).

The jp values for both ceramic coating types were lower than those of 
the substrate. Over time, particularly during the initial immersion 
period, the passive currents of the PCL-based composite coating 
diminished more considerably, indicating superior surface passivation 
compared to the CA-based composite coating. This passivation could 
stem from corrosion products that form while immersed in PBS solution, 
potentially sealing the coating's pores and thereby hindering dissolution. 
A statistical analysis of the Ecorr, jcorr, and jp values demonstrated that 
only those measured after a month of immersion showed a statistically 
significant difference. These corrosion figures are consistent with other 
studies on the corrosion rates of titanium [62], hydroxyapatite-based 
coatings [61], and certain composite coatings [63].

Vranceanu et al. [61], for instance, utilized an electrochemical 
method to deposit and assess hydroxyapatite material layers infused 
with Mg or Zn ions. They discovered that these ceramic applications 
produced diminished corrosion current readings compared to the 
nanostructured titanium substrate, thus demonstrating their protective 
nature, independent of the electrolyte type. Importantly, all HAp-based 
coatings presented an increased level of the polarization resistance (Rp) 
parameter (changing from 160 kΩcm− 1 to 691 kΩcm− 1, depending on 
the coating composition). In other research [63], multiwalled carbon 
nanotubes containing HAp-chitosan composite coating were electro
phoretically deposited onto a titanium surface. The composite coating 
displayed significant corrosion resistance, characterized by a corrosion 
current of about 9 nA/cm2.

3.5. Immersion tests

Given that electrochemical methods are unsuitable for measuring the 
degradation mechanism of polymers and composites (there are no 
electron/charge transfer reactions), we quantified the alterations in 
composite weight after a month of submersion in PBS to monitor the 
biodegradability features of composite coatings.

Fig. 12 (a) illustrates a modest time-dependent increase in weight 
loss for both composite coatings. Specifically, the PCL-fcAp composite 
coating experienced an initial phase of negligible deterioration, fol
lowed by a slightly accelerated rate of degradation after two weeks of 
immersion, yet its weight loss barely reached 0.5%. Conversely, the CA- 
based composite exhibited robust stability in inert physiological media, 
with a mere 0.15% weight loss recorded during the experimental 
duration. These experiments collectively demonstrate that PCL- and CA- 
based composites undergo moderate degradation in neutral environ
ments. Numerous sources in the literature indicate that PCL degradation 
occurs slowly through ester bond hydrolysis in physiological (in vitro) 
settings [7], though its biodegradation rate is reportedly boosted by 
enzymatic catalysis in vivo, facilitating its absorption [7].

For instance, Dias et al. [64] studied the degradation characteristics 
of electrospun PCL both in vitro and in vivo. They concluded that PCL 
had minimal mass loss over weeks to months in buffered physiological 
media. For example, one study observed only about 1.4% weight loss 
after 90 days in phosphate-buffered saline at 37 ◦C.

Under physiological conditions, the full resorption of PCL is a process 
that extends over several years. Literature suggests that the complete in 
vivo degradation of bulk PCL or its breakdown in buffered media typi
cally takes around 2 to 4 years [65]. An in vitro study also estimated that 
a PCL multifilament yarn would fully decompose in approximately 14 
months in PBS at 37 ◦C [66]. Conversely, the degradation process for CA 
polymer and CA-based composites is more involved, requiring deace
tylation and specific enzymatic reactions. In purely abiotic PBS condi
tions, the primary degradation pathway for CA is the hydrolysis of its 
acetate ester side groups [67]. However, without particular enzymes, its 
degradation is not substantial. As a result, in vitro and in enzyme-free 
PBS, the polymer backbone of CA remains largely unaltered over time 
[67]. Numerous studies affirm CA's high resistance to hydrolytic 
breakdown at 37 ◦C in neutral pH, and its degradation characteristics are 
also influenced by its macro- and microstructure, its crystallinity, mo
lecular mass, and the degree of substitution [68]. In a 16-week test in 
near-neutral water, a cellulose acetate film lost only around 2.5% of its 
weight, while a fibrous CA lost around 2.3% [69]. Cellulose acetate 
largely retains its mass under rigorous in vitro conditions (sterile PBS 
without enzymes); typically, no detectable weight loss is observed over 
periods of several weeks or even months. Researchers have reported that 
cellulose acetate's stability is so high that it persisted with essentially its 
original mass and shape for months in soil-burial tests, which also 
include natural microbes [70]. Conversely, the fcAp ceramic component 
of composites undergoes ionic dissolution and precipitation, governed 
by its extremely low solubility product constants for calcium phosphate 
phases in neutral environments; therefore, its degradation rate is 
determined by the surrounding polymer matrix.

As illustrated in Fig. 12b and c, the ion-release profiles show the 
liberation of ions over a one-month period in PBS at a pH of 7.4 and 
room temperature. Both composite materials exhibit an initial rapid 
release of ions during the first five days, followed by a more gradual, 
continuous release for up to 30 days. Specifically, the PCL-fcAp com
posite demonstrated a significant rise in Ca concentration, reaching 
approximately 50 μg/L after two weeks of immersion, subsequently 
stabilizing. In contrast, the CA-fcAp composite exhibited lower Ca ion 
levels, around 40 μg/L after a month, which can be attributed to CA's 
enhanced stability under the neutral conditions studied (as depicted in 
Fig. 12 a). The Ca ion release pattern for both composite types resembles 
a saturation curve, likely due to potential precipitation/dissolution 
processes involving the formation of insoluble calcium phosphate pre
cipitates (with phosphate ions derived from the PBS solution).

The patterns we observed, showing an initial quick release followed 
by a leveling off, are characteristic of CaP bioceramics; for example, one 
PCL/Mg-phosphate scaffold released most of its Ca and PO4

3− in the first 
week, then continued at a reduced pace until 21 days [71]. While our 
findings generally match established data on cumulative release curves 
[72,73], the release behaviors for Mg2+, Zn2+, and Sr2+ are notably 
different. All bioactive ion concentrations increased gradually in both 
composites, with the rapid initial rise of Mg2+ and Zn2+ attributed to the 
high solubility of their organic compounds in water during early im
mersion. These ion concentrations showed no signs of saturation over a 
month.

The steep increase at the beginning of immersion was caused by the 
leaching of surface-bonded Mg and Zn ions, followed by a slower in
crease up to 30 days, consistent with the polymer matrix degradation 
rate. This steady and continuous increase, without a sharp plateau, in
dicates ongoing Mg and Zn leaching. Other scientific reports note that 
Mg2+ often displays a strong initial release in buffered solutions due to 
its good solubility [73]. Literature also indicates that significant Zn2+

release usually requires higher Zn content. For instance, one review 
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notes Zn2+ leaching from Zn-doped HA in PBS was only evident for high 
Zn substitution, from 5 to 20 wt% [74]. The slow Zn release is typical in 
substituted calcium phosphate phases in biological environments [75]. 
Conversely, the strontium concentration released was considerably 
lower, by a factor of 4-6, in both samples. This limited Sr release can be 
attributed to the low water solubility of the strontium ranelate compo
nent within the composite materials, which only becomes available as 
the polymer degrades. Literature supports this, indicating that Sr2+

release from Sr-containing HAp is generally slow; for instance, one study 
observed only 14–18% of Sr content leached over 14 days in PBS [76]. 
Our data, spanning over 30 days, confirm a strong retention of Sr2+. 
Such controlled Sr release is common and delivers a sustained, low-dose 
Sr2+ stimulus, preventing environmental overload [77]. Immersion 
studies quantitatively demonstrated a greater release of all ions from the 
PCL-fcAp composite. For example, calcium release was approximately 
20% higher in PCL-fcAp, while magnesium and zinc releases were about 
15-20% greater. This finding could suggest that a cellulose acetate 
polymer is capable of forming stronger bonds with ions, thereby inhib
iting their diffusion. We also observe that polymer crystallinity, 
porosity, and water absorption can impact ion leaching: PCL is 
semi-crystalline and hydrophobic, though its porous microstructure may 
enable fluid access, whereas cellulose acetate might swell differently. In 
summary, both composites exhibit similar kinetic patterns, including an 
initial burst (attributed to the dissolution of loosely bound apatite and 
therapeutic elements on the polymer's external surfaces) and a 

subsequent slower release (due to internal diffusion and reprecipitation 
phenomena). The plateauing of calcium levels indicates local saturation 
and the reprecipitation of apatite on the implant surface [73].

During immersion tests and ion-release studies, our composite ma
terials demonstrated one month of stability in static, neutral environ
ments. However, a significant limitation is the current absence of exact 
biological validation, which constitutes the next stage of our investiga
tion. Although Sr, Mg, and Zn were incorporated for their recognized 
biological roles [21,23], actual cellular responses still await scrutiny. 
Consequently, our results introduce a materials platform with potential 
bioactivity, rather than a clinically approved coating. Furthermore, the 
basic in vitro arrangement for analyzing degradation and corrosion fails 
to accurately simulate dynamic biological environments. 
Phosphate-buffered saline lacks enzymes, proteins, or cellular activity 
that substantially alter the degradation rates of both biopolymer 
matrices and the ceramic phase in living systems [64,67].

The stability observed for CA or PCL-based coatings in PBS is unlikely 
to persist under physiological conditions, where esterase activity could 
hasten their breakdown. Consequently, the measured degradation rates 
and ion release characteristics should be considered as preliminary data 
from controlled environments, rather than reliable indicators of in vivo 
performance. Nevertheless, our positive electrochemical and morpho
logical results are a vital and advantageous prerequisite for clinical 
application.

In essence, this study provides a foundational protocol for the 

Fig. 12. Cumulative normalized sample weight loss in percentage during the one-month immersion period in PBS at room temperature (a), cumulative concen
trations of the dissolved Ca, Sr, Mg and Zn from PCL-fcAp coating (b) and CA-fcAp (c) coating immersed in PBS solution at room temperature. The values are 
normalized to the unit area of the samples. Values are graphed as the mean ± standard deviation (N = 3).
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synthesis and characterization of novel composite coatings. Although 
the data regarding their structure, in vitro corrosion resistance, and 
degradation in a neutral solution are significant, their practical appli
cation is limited by the experimental setup. The true biological effec
tiveness and mechanical strength of these coatings are still unknown, 
and their clinical viability can only be confirmed once these vital sub
sequent investigations are successfully completed.

3.6. Adhesion evaluation of ultra-thin, non-continuous composite coatings 
on titanium substrate

Fig. 13 supports a Class 0/no flaking or detachment outcome for both 
coatings after the tape adhesion test, because the cut pattern remains 
visible and the coating appears intact without obvious edge lifting, 
peeling, delamination, or coating loss in the cross-hatched area. The 
composite coatings remained firmly attached after tape removal, which 
indicates excellent coating adhesion and strong interfacial cohesion to 
the substrate, corresponding to a best-performance adhesion class in the 
cross-cut test. Similar adhesion test methods on ion-doped calcium 
phosphate-based coatings were reported and summarized in the review 
work of Fosca et al. [78] in which they compared the factors influencing 
the adhesion strengths to the substrate.

3.7. Architectural advantages of non-continuous coatings

The spin-coated composite layers in this study were intentionally 
engineered to be non-continuous or discrete (Figs. 6 and 7). This 
architectural choice offers several functional advantages over conven
tional continuous coatings, which are widely documented in the litera
ture [27,28,57]. It is reported that continuous thick coatings, such as 
plasma-sprayed hydroxyapatite (HAp), are prone to delamination, 
cohesive failure, and particulate debris, especially under cyclic loading. 
For example, plasma-sprayed HA coatings on titanium alloys are widely 
used but are prone to delamination [79]. In contrast, our discrete 
composite clusters are attached to the roughened titanium substrate 
only at separated sites. This configuration distributes interfacial stresses 

and reduces the risk of catastrophic coating detachment, as each cluster 
behaves independently. The continuous coatings inevitably mask or 
alter the native micro- and nano-topography of the titanium substrate, 
which is known to profoundly influence osteoblast behavior [80]. By 
covering only a fraction of the surface, our non-continuous design pre
serves the original roughness, surface energy, and topographical fea
tures of the titanium substrate while adding the bioactivity of the fcAp 
filler. Besides, the voids between composite clusters provide immediate 
pathways for host bone cells and fluids to reach the exposed titanium 
substrate, enabling early contact osteogenesis. In the case of a contin
uous coating, the entire coating must first be resorbed or infiltrated 
before direct bone–implant contact can be established, which can 
significantly delay osseointegration. This discrete architecture enables a 
graduated and harmonious load transfer from the resorbing coating to 
the newly forming bone. As the polymer-fcAp clusters degrade, the voids 
are progressively filled by ingrowing bone. Stress is transferred incre
mentally from the coating to the bone, avoiding the sudden loss of 
mechanical support that can occur when a continuous coating de
laminates or dissolves unevenly [81]. Collectively, these considerations, 
supported by the extensive literature on implant surface engineering, 
validate our intentional design of a non-continuous composite coating. 
While a direct experimental comparison with a uniform continuous 
coating is outside the scope of the present work, the clear advantages of 
the discrete architecture provide a strong rationale for this design.

4. Conclusions

Carbonated apatite powder (cAp) was produced using wet chemical 
precipitation and then blended with therapeutic organic Mg, Zn, and Sr 
components to create fcAp. This powder mixture was subsequently in
tegrated into two kinds of biopolymers: a synthetic PCL and a natural 
derivative CA. The composite material was then deposited as non- 
continuous layers onto a commercially available, roughened titanium 
substrate through spin coating. Morphological characterization of cAp 
particles revealed that they were made up of small, thin, needle-shaped 
particles arranged into large spherical forms, roughly 2 μm in size. 

Fig. 13. Cross-cut tape adhesion assessment of fcAp-CA and fcAp-PCL coatings on titanium according to EN ISO 2409.
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Individual cAp particles were measured between 100 and 150 nm in 
length. On the other hand, the fcAp powder mainly comprised small, 
rounded particles, approximately 50 - 100 nm in size, which tended to 
accumulate into larger blocks of various sizes and shapes. TEM mea
surements confirmed these morphologies.

The micro-morphology of pure biopolymers was smooth with 
amorphous particles. For the composites, fcAP particles were embedded 
into the biopolymer matrices and formed a very porous structure with 
interconnected pores in each case. The optical microscope evaluations 
confirmed the layers to be discontinuous.

Structural analyses, including XRD and FT-IR, confirmed the pow
ders to be mainly B-type carbonated apatite, as evidenced by the com
bination of phosphate and carbonate bands in the FT-IR spectra and the 
characteristic broadened apatite peaks in the XRD patterns. The reten
tion of the organic therapeutic ingredients within the biopolymer 
matrices was further confirmed by the appearance of their characteristic 
FT-IR bands (such as N–H stretching and carboxylate vibrations) in the 
composite spectra, in good agreement with the spectra of the pure 
compounds.

Electrochemical potentiodynamic measurements yielded low corro
sion current densities (jcorr = 21-39 nA/cm2 across all samples), which 
decreased by 20-46% for the partially coated samples relative to un
coated titanium. These values are consistent with excellent corrosion 
resistance for titanium-based implant materials in physiological media 
and demonstrate the protective effect of the non-continuous bioactive 
coatings. This observation is attributed to the formation of a passive 
layer on the surface and the reduced electrochemically active area vol
ume in the coated samples. Sustained potentiodynamic measurements 
indicated that a robust passive layer was maintained for over a month in 
PBS immersion.

The degradation rate of composite coatings was tested by immersing 
the samples in PBS solution for one month. The results showed very low 
degradation for both PCL-based and CA-based coatings; however, with 
different degradation characteristics. While the PCL had a slight 
decrease in mass after two weeks of immersion, after that, the mass loss 
slightly increased linearly. On the other hand, the CA-based coating 
hardly changed over time; its mass loss did not exceed 0.15% weight 
loss, which is negligible. This slow degradation rate is explained by the 
neutral environment without enzymes that could catalyze the decom
position of biopolymers.

Overall, our findings confirmed the successful synthesis of a novel 
fcAp powder and its integration into PCL and CA matrices, resulting in 
coatings with a bone-mimetic, porous morphology, improved electro
chemical stability, and controlled, slow degradation in a neutral 
medium.
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