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Abstract: Background — Synthesis of novel grafts and biomaterial substitutes for bone reconstruction and study of their properties 
confirmed that the ideal material for this purpose has not yet been developed. Further efforts are needed to create contemporary 
biocompatible implants. It was shown that degradable biomaterials such as magnesium (Mg) alloys have potential clinical applications for 
bone reconstruction. However, poor resistance of Mg alloys to corrosion is a serious obstacle to their clinical use. This study aimed at 
investigating the biocompatibility and potential application of novel multifunctional self-healing coatings on Mg alloys to ensure stable 
performance of Mg implants in clinical settings. 
Methods — We studied a magnesium-based Mg MA8 alloy samples both with and without coatings containing hydroxyapatite, 
Ca10(PO4)6(OH)2. The latter were obtained by plasma electrolytic oxidation (PEO) and included cerium (Ce) and polycaprolactone (PCL). 
Toxicokinetic properties, cell adhesion, cytocompatibility and cellular enzyme activity were assessed after contact with the composite 
coating covering Mg.  
Results — The highest numbers of viable fibroblasts and tumor cells from the HeLa cell culture were observed after contact with Mg+PEO. 
Moderate cytotoxicity was found for the hydroxyapatite hybrid coating including cerium oxide (CeO2) and PCL. The variability of the 
parameters for these samples was similar to the variability of the parameters for intact cells and cells in contact with titanium, which 
showed minimal cytotoxic effects. Compared with copper, which had high cytotoxic activity, the values for the studied samples were 
significantly lower. After 30 minutes of exposure to Mg, a large number of agglomerates of rounded cells with numerous folded and 
filiform pseudopodia were observed. Cells on Mg+PEO surfaces were less aggregated and predominantly had fibrillar pseudopodia, also 
known as filopodia. Numerous rounded folds were observed on the surface of the Mg+PEO+CeO2+PCL hybrid coating, and cell groups were 
found in close contact resembling a syncytium. The number of stimulated cells on Mg+PEO decreased over time compared to the PEO-
based hybrid coating on Mg with CeO2+PCL.  
Conclusion — The results of this study imply that the bioactive PEO composite coating with PCL and CeO2 modifies the Mg alloy surface by 
providing porosity that promotes strong cell attachment. These findings provide an alternative approach to develop multifunctional Mg-
based implants and expand the biomedical applications of these materials. The data support the need for further investigation of the 
osteoinductive properties of coatings on biodegradable Mg implants.  
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inflammation. 
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Introduction  

Bone defects in affected individuals represent a major health 
problem that can lead to diminished productivity, increased 
financial costs and limited mobility. Road traffic accidents and 
skeletal disorders are the leading causes of orthopedic fractures. It 
is estimated that by 2040, approximately 316 million people 
worldwide will suffer from osteoporotic fractures, and currently 
approximately 3 million people suffer from hip injuries annually 

[1, 2]. The mechanisms of injury, including oblique, transverse and 
comminuted fractures, complex locations in the spine, head and 
limbs, and injury types are important factors in determining the 
appropriate treatment. Regeneration is a complex physiological 
process that involves continuous remodeling of bone tissue 
throughout life. Bone defects can be divided into two types: 
cavitary defects, in which bone loss does not significantly affect 
the biomechanics of the limbs, and segmental defects, which have 
a significant impact on bone stability and motion [3]. Metallic 
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implants are commonly used for stable and functional 
osteosynthesis in orthopedics and traumatology to treat bone 
injuries.  

Depending on the expected duration of use, implants can be 
divided into two categories: permanent and temporary. 
Permanent implants are made of materials such as titanium or 
stainless steel. These materials are known for their strength, 
durability, and biocompatibility. Permanent implants do not react 
with surrounding tissues, cannot be absorbed by the body, and are 
often used for long-term stability and durability. Despite the 
mechanical strength of permanent implant structures, the 
chemical composition of these metals can change under the 
influence of environmental factors and the length of time they 
spend in the body [4-6]. Repeated surgical interventions to remove 
permanent metal structures after fracture consolidation can have 
a negative impact on the body. Temporary implants are made of 
various materials, including polymers, ceramics, and metals. 
Bioresorbable materials such as magnesium (Mg) and its alloys 
received considerable attention [7]. The latter are used as fixing 
devices for orthopedic and craniofacial surgeries [8]. 

Mg, a lightweight metal, has a density similar to that of human 
bone. Approximately 50% of it is found in bone tissue, and its 
corrosion products, Mg2+ and OH-, are nontoxic. The latter are 
efficiently excreted via the kidneys [9]. This metal is biocompatible 
and does not cause immune reactions or other adverse reactions, 
making it safe for medical use [10]. Mg has unique mechanical 
properties similar to those of natural bone, including a low elastic 
modulus, which reduces the risk of implant rejection. When 
properly designed, Mg implants can conform to the shape and 
structure of bone [11-13]. This material also has osteoconductive 
properties, promoting osseointegration, a key factor in successful 
implantation [14, 15]. The tendency of Mg ions to actively 
promote the proliferation and differentiation of bone-forming 
cells, thereby stimulating the formation of new bone tissue, was 
pointed out in previous studies [16]. However, there are concerns 
regarding the use of this material as an implant due to its potential 
for rapid corrosion in the aggressive physiological environment of 
the body, which may lead to premature failure of the metallic 
structure [17]. To address these issues, researchers are currently 
investigating new Mg-based alloys and surface treatment methods 
that may slow down the corrosion rate and better match the 
tissue regeneration process [16, 17].  

A detailed analysis of the mechanical properties of Mg 
implants during degradation was described in some studies, 
including in vitro and in vivo models [14, 18]. A number of Mg-
based implants have been designed, including plates, screws, 
intramedullary rods, Herbert screws, spinal cages, ring splints for 
joint treatment, and regenerative scaffolds. These implants vary in 
manufacturing technology, geometric dimensions, and shapes [13, 
18-20]. Also, the surface of Mg-based implants requires 
appropriate treatment or alloying with other chemical elements to 
enhance their corrosion resistance in physiological environments. 
The main approaches to improving the properties of Mg alloys are 
surface modification using physical vapor deposition [21], 
electrochemical deposition [22], conversion coating formation 
[23], anodic oxidation [24], and plasma spraying [25]. These 
approaches are not environmentally friendly and are insufficient to 
improve corrosion resistance and adhesion strength [26, 27]. 

Plasma electrolytic oxidation (PEO), also known as microarc 
oxidation, is a process that involves treating a metal or alloy, 

typically Mg, aluminum, or titanium, as an anode at a high voltage. 
This creates a ceramic-like surface on the material [28, 29]. The 
process uses a cathode, typically graphite or steel. The ideal 
biodegradable Mg coating should have good corrosion resistance 
and biocompatibility, as well as high adhesion to the Mg substrate. 
It should also have biological functions such as antibacterial 
properties and the ability to promote bone formation, while 
preventing implant degradation and hydrogen evolution [19, 27]. 
The porous oxide coating created by PEO exhibits high adhesion, 
thereby minimizing the risk of defects during implant placement. 
Its coarse porous structure promotes cell adhesion [29]. However, 
when using the conventional PEO process, due to the occurrence 
of plasma microdischarges and gas evolution, many pores and 
microcracks appear on the coating surface, which may affect the 
corrosion resistance of Mg. Through these formed pores, the 
aggressive environment can penetrate into the alloy substrate, 
reducing the corrosion resistance of the material [29-31]. 
Therefore, it is important to change the pretreatment and 
modification conditions for the PEO coating on biodegradable Mg 
alloys. Several technologies were proposed to resolve this issue, 
including the formation of additional protective layers such as 
calcium phosphate (Ca-P-PEO) [30–32], layered double hydroxide 
(LDH-PEO) coatings [33, 34], ZrO2-containing coatings [35], and the 
incorporation of antibacterial ingredients or drugs into the 
coatings. In addition, composite coatings based on some polymer 
(Pol) and self-healing coatings were also investigated as potential 
solutions [41-44]. 

In summary, Mg-based orthopedic implants serve multiple 
biological purposes, including bactericidal function, osteogenesis, 
and angiogenesis. These functions make them useful for the 
treatment of large bone defects [45]. One way to create self-
healing coatings is to incorporate bifunctional agents such as 
drugs, metal ions, or peptides [46]. However, the formation of 
such coatings is complicated by the difficult-to-control drug 
release kinetics [47]. Therefore, it is imperative to develop novel 
multifunctional coatings for Mg implants that meet clinical 
requirements. In our previous study, we prepared a self-healing 
coating on Mg alloy (MA8) using PEO in a silica-fluoride electrolyte 
[48, 49]. We showed that the protective properties of the PEO 
coating can be improved by impregnating it with a corrosion 
inhibitor, 8-hydroxyquinoline. We also proposed a self-healing 
mechanism for this coating. This study proposes a method for 
creating a self-healing coating and provides biocompatibility data 
for a multifunctional protective layer on Mg-based alloy. The 
objective of this study was to investigate the biocompatibility and 
potential application of this novel multifunctional autonomous 
self-healing coating on biomedical Mg alloys for long-term use of 
Mg implants in clinical practice. 

 

Material and methods 

Formation of magnesium-based coatings. Plates of MA8 Mg 
alloy (15×20×1.5 mm) were obtained and investigated. Alloy 
composition in wt.% was as follows: 1.3-2.2% of Mn, 0.15-0.35% of 
Ce, and the rest (up to 100%) was Mg. The initial surface of the 
samples was homogenized by mechanical grinding on fine-grained 
silicon carbide (SiC) grinding paper (Figure 1). The grain size was 
gradually reduced to P1000, with an abrasive grain size of 14-20 
μm. After grinding, the samples were washed in isopropyl alcohol 
and dried in an oven at a temperature of 40 °C. The formation of 
protective PEO layers was carried out using a special installation 
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(Figure 1A). An aqueous solution of calcium glycerophosphate, 
sodium fluoride and sodium orthosilicate was used as an 
electrolyte to form the coating.  

The bipolar oxidation mode was employed. The anodic 
component was maintained at 400 V in a potentiostatic mode, 
while the cathodic component ranges from 1.3 to 0.85 A/cm² in a 
galvanodynamic mode at a rate of 4 mA/cm². The total oxidation 
time was 110 seconds, and the duty cycle was 1 [50]  

The PEO-coated samples were rinsed with deionized water and 
then placed in an oven at 40 °C. The formation of inhibitor-
containing layers was achieved by immersion in a medium 
containing Ce3+ ions and polycaprolactone (PCL) [-(CH2)5-CO-O-]n 
for 60 minutes (Figure 1B). The samples were then removed and 
placed in a drying oven at 50 °C for 42 hours. The experiment was 
repeated twice using the coating types listed in Table 1.  

 

Cell cultures  

To investigate the properties of the coatings, we used a 
monolayer cell culture of FetMSC cells (Institute of Cytology, 
Russian Academy of Sciences, St. Petersburg, Russia). These are 
mesenchymal stem cells obtained from the bone marrow of a 5-6-
week-old human embryo, with fibroblast-like morphology. The 
cells were cultured in αMEM medium (BioloT LLC, Russia) 

containing fetal calf serum (Biowest, France) and gentamicin K 
(Merck, USA) at a concentration of 0.004%. The cells had a diploid 
chromosome number of 46, with a modal number of 97.0% 
(±1.7%). The karyotype was normal, with 46 chromosomes (XY), 
and there were 3% polyploid cells. DNA profiling (STR) revealed 
the following results: amelogenin (X, Y), CSF1PO (9, 12), D13S317 
(11, 12), D16S539 (11, 11), D5S818 (12, 13), D7S820 (10, 12), THO1 
(7, 8), TPOX (8, 11), and vWA (14, 15). On average, 33.5 hours 
were required for doubling of the cell population, and the active 
(logarithmic) growth phase lasted 48 hours at the sixth passage. 
Expression of surface antigens characteristic of mesenchymal stem 
cells on the cells: CD44 (95%), CD73 (99.6%), CD90 (87.4%), CD105 
(95.4%). No expression of CD34 and HLA-DR antigens was 
observed. A monolayer tumor cell line Hela-v (Research Institute 
of Virology, Russian Academy of Medical Sciences, BioloT LLC, 
Russia) obtained from human cervical carcinoma was also used. It 
had an epithelial-like morphology and was cultured in medium 199 
containing 10% fetal calf serum and 0.004% gentamicin K. 
Karyological species identity and lactate dehydrogenase (LDH) and 
glucose-6-phosphate dehydrogenase isoenzymes were monitored. 
Test samples were distributed into wells of a culture plate after 
sterilization with ultraviolet rays. Then 5 mL of the medium with 
cells at a concentration of 106 cells/mL were added and incubated 
at 37 °C and 4.2% CO₂ for 3.7 days and 14 days. 

 

 
Figure 1. Overview of experimental process and coating performances. (A) Schematic representation of the fabrication procedure of hybrid PEO coating: 
hydroxyapatite (HA), CeO2, polycaprolactone (PCL), HA/CeO2/Pol) on Mg alloy, which is constructed by combining PEO and layer-by-layer assembly 
techniques. (B) Architecture of multilayered coating (HA/CeO2/Pol) on Mg substrate and molecular structures of HA, CeO2, and Pol. 

 

Table 1. Characteristics of samples 

N° Abbreviation Compound 

1 MA08 uncoated magnesium alloy: Mg, MgO 
2 MA08 PEO magnesium coated by plasma electrolytic oxidation Coating composition: MgO, Mg2SiO4, Ca10(PO4)6(OH)2 (hydroxyapatite) 
3 Ti titanium 
4 Cu copper 

5 CompCe 
magnesium with a composite coating, after treating the PEO layer with a solution of a corrosion inhibitor (based on a cerium- containing 

compound): MgO, Mg2SiO4, Ca10(PO4)6(OH)2 (hydroxyapatite), CeO2 

6 HybCePol 
magnesium with the hybrid composite coating, after treating the PEO layer with a solution of a corrosion inhibitor (based on a cerium-

containing compound) and polyester solution MgO, Mg2SiO4, Ca10(PO4)6(OH)2 (hydroxyapatite), CeO2, [-(CH2)5-CO-O-]n (polycaprolactone) 
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Figure 2. Studying toxicokinetic properties of coatings on magnesium. (A) Schematic representation of the experimental setup. (B) Measuring the 
concentration of total protein in the supernatant by spectrophotometry after 24-hour contact. (C) Measuring the concentration of total protein over time by 
a biochemical method. (D) Measuring the concentration of albumin in the supernatant by a biochemical method after 24-hour contact. (D) Electrophoresis-
based analysis of protein fractions in the supernatant obtained after 24-hour incubation of serum with samples. 

 

Toxicokinetic properties of magnesium-based coatings  

We examined protein adsorption by incubating samples with 
defibrinated donor plasma (blood type B-) for 1, 3, 5, 7, and 24 
hours at 37 °C in a thermostat (Figure 2A). Protein content in 
plasma before and after sample incubation was determined using 
the formula based on optical density measurements of the 
solution (protein content = 1.45 × λ280 – 0.74 × λ260 mg/mL) using a 
FlexA-200 NT spectrophotometer (Alsheng, China) at λ=280 and 
λ=260 nm wavelengths. Additionally, the total protein (biuret 
assay) and albumin concentrations (bromocresol green assay) 
were determined using a Mindray BS-120 biochemistry analyzer 
(Mindray, China). Protein fractions of plasma (α-1, α-2, β-1, β-2, 
and ɣ-globulin) and albumin were identified by two-dimensional 
polyacrylamide gel electrophoresis on a Compact S/XS system 
(Biometra, Germany), followed by Coomassie Brilliant staining 
R250 (ApplChem, Germany). 

 

Testing cell functions 

After contact with the samples, the concentration of viable 
cells was determined by staining with a 0.4% trypan blue solution 
using a TC20 counter (Bio-Rad, USA). The cytotoxicity of the 
samples was detected using the MTS test. A phosphate buffer (pH 
7.2) containing 0.4% MnCl2 and 2 mg/mL of 4,5-dimethyl-2-

thiazolyl)2,5-diphenyl2H-tetrazolium bromide (MTS) was added to 
a cell monolayer at an initial concentration of 600 cells per 200 µl. 
The cells were then destroyed by adding isopropyl alcohol acidified 
with 0.04 M HCl to the substrate. The optical density of the 
substrate was measured on a Multiskan™ FC Microplate 
Photometer (Thermo Fisher Scientific, USA) at λ=540 nm. The 
results were expressed as a stimulation index (T, %) calculated as 
the ratio of the difference in the mean optical density between 
solutions containing the reaction products from cells in contact 
with samples and a plastic (control) and the mean optical density 
of a control solution. 

Determination of LDH and creatine kinase (CK) in the 
supernatant was performed on a Mindray BS120 analyzer 
manufactured by Mindray (China) using Mindray enzyme activity 
determination reagents from the same manufacturer. The kits 
provided a linear range of enzyme activity from 20 to 1000 units 
U/L with a deviation from linearity of no more than 5%, a 
sensitivity of no more than 15 U/L, and a coefficient of variation of 
the determination results of no more than 5%.  

Scanning electron microscopy was used to study the surface 
architecture of cells adhered to the samples. For this purpose, the 
cells were fixed in a complex fixative consisting of 0.2 molar 
cacodylate buffer with pH 7.4 and containing 3% formaldehyde 
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and 0.02% picric acid. They were then postfixed in 1% osmium 
tetroxide and dehydrated in acetone, after which they were 
coated with carbon by thermal evaporation in a vacuum. Images 
were obtained using an Ultra 55 electron microscope by Carl Zeiss 
(Germany) operating at an accelerating voltage of 0.8 to 1 kV. 

 

Statistical analyses 

The compliance of collected data with the normal distribution 
was verified using the χ² method, and the significance of 
differences between the experimental and control groups was 
evaluated using the Student’s t-test and the nonparametric Mann-
Whitney U test at a confidence level of ≥95% (p<0.05), using 
Statistica 8.0 software (StatSoft, Inc., USA). 

 

Results 

Toxicokinetic properties of magnesium-based coatings  

In plasma, three main proteins are responsible for binding to 
biologically active components such as albumin, α-1 acid 
glycoprotein, and lipoproteins. Not only individual proteins but 
also their fractions can bind to the implant surface. When studying 

the total protein content in blood plasma using the biuret method, 
it was established that the lowest amount of protein was absorbed 
by copper and Mg alloy samples with a PEO layer, and the highest 
amount of protein was absorbed by the PEO coating containing 
cerium oxide (CeO2). Figure 2B shows this information. Albumin 
accounts for approximately 60% of the total amount of proteins in 
blood plasma. It is a biologically active component that also binds 
to endogenous substances such as fatty acids and bilirubin. It was 
shown that the main binding protein for basic or cationic 
molecules is α-1 glycoprotein [51]. It was discovered that albumin 
is adsorbed on the coatings in minimal quantities, indicating the 
absence of specific interaction of this protein with the surface of 
the samples. The total amount of blood plasma protein in our 
study was 64.8 g/L, and after contact with plastic for 1, 3, 5, 7 and 
24 hours, its concentration in the supernatant decreased by 
1.25±0.1 g/L. When studying the amount of bound protein in 
blood plasma using the biuret method, we confirmed that titanium 
and Mg samples without a protective coating and with a PEO 
coating containing PCL and cerium adsorbed more than 1 g/L, with 
the latter adsorbing up to 2.35±0.2 g/L in the largest amount 
(Figure 2C).  

 

 
Figure 3. Fibroblasts on the surface of magnesium (A), PEO coating with hydroxyapatite (B), and a hybrid coating with cerium oxide and polycaprolactone 
(C), as seen in scanning electron microscopy after 30 minutes of incubation. (D) Number of cells adhered to the surface per 1 mm2. 
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Figure 4. Number of viable fibroblasts and tumorigenic HeLa cells after contact with titanium, copper and magnesium both with and without various 
protective coatings. 

 

Table 2. Indicators of the model for predicting the viability of fibroblasts 
after incubation with samples 

Samples Trend equation 
Approximation reliability 

coefficient, R2 

Ti y=-0.4366x4-6.81 0.4653 
Cu y=-0.3955x4-6.392 0.2568 
MA08 y=-0.3545x4-8.13 0.6107 
MA08 PEO y=-2.24x4-10.3 0.6637 
CompCe y=-l.1664x4-7.87 0.2076 
HybCePol y=-0.11773x4-7.34 0.3166 

 

After the subjects’ exposure to blood plasma for 7 hours, 
electrophoresis did not reveal any protein fractions with molecular 
weights different from those of the plasma protein reference 
ranges (Figure 2E). Based on the quantitative data, the mass 
content of protein fractions did not differ from physiological 
norms. Overall, these results indicate that the samples did not 
affect the structure of plasma proteins.  

 

Cell adhesion to magnesium coatings 

Cell morphology analysis using scanning electron microscopy 
confirmed that fibroblasts adhered to the Mg coatings. After 30 
minutes of contact, the highest cell adhesion was found for the 
hybrid PEO coating containing CeO2 and PCL (22.1±1.5 × 103 
cells/mm2, Figure 3). The minimum number of cells was observed 
on the surface of the magnesium alloy (4.2±0.4 × 103 cells/mm2) 
and the PEO coating (12.8±1.3 × 103 cells/mm2). The difference 
between the cell adhesion values after contact with different 
samples was statistically significant (p<0.05), with the highest 
number on the surface observed after 2 hours (Figure 3D). The 
cells attached to the Mg alloy had a typical rounded shape, 
without close contact with the surface (Figure 3A). On the PEO 
coating with hydroxyapatite (HA), a flattened shape with a small 
number of pseudopodia along the perimeter was observed (Figure 
3B). After contact with the hybrid PEO coating, the cells had a 
different morphology (Figure 4). For instance, numerous folds and 
filiform structures were observed on the surface of the flattened 
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cells. Fibroblasts were mostly in close contact with each other 
(Figure 3G). 

 

Cytocompatibility of magnesium coatings  

As shown in Figure 4, the number of viable fibroblasts 
decreased until the end of the observation period (14 days). 
Copper had a significant inhibitory effect, while Mg had a 
stimulatory effect, as indicated by the approximation coefficient 
values. All tested samples had a supporting effect on the cells, but 
at a level slightly lower than that of the Mg alloy without a 
protective layer (Figure 4A), with the exception of the PEO-coated 
sample. Mg alloy samples with a composite coating containing 
CeO2 and a hybrid coating (including an inhibitor and a Pol) had a 
stimulatory effect, maintaining cell viability (Figure 4A). A trypan 
blue assay to assess the state of proliferating HeLa cells revealed 
no cytotoxic effect.  

To predict the trends and long-term consequences of the 
studied samples, we applied a linear trend model to the time 
series of viable cell counts. Based on the trend equations, we 
analyzed the sequence of values to determine the x-intercept (b) 
and the value by which the next time series value increases or 
decreases. This analysis led to the conclusion that there is a 

general trend towards a decrease in the viable cell count (Table 2). 
A significant slope coefficient above 0.1 for the trend was noted 
for the Mg alloy samples with a composite PEO coating containing 
PCL and a cerium-containing compound. This coefficient indicated 
that the straight line matched the observed data on similar 
dynamics (Table 2). The slope coefficient values allowed us 
identifying to what extent the incubation time affects the viable 
cell count. The intercept (γ at x=0) provided information on the 
initial value of the dependent variable.  

The approximation reliability coefficient (R2) shows the degree 
of fit of the trend model to the initial data. It ranges from 0 to 1, 
with higher values indicating a better fit. The R2 values for each 
sample indicate the level of reliability of the linear trend model for 
the values of the viable cell count. 

As shown in Table 2, the R2 values were close to 1 for the Mg 
alloy samples without a protective layer, with a PEO coating, a 
composite coating containing PCL, and a hybrid coating containing 
a corrosion inhibitor. This implies that the model accurately 
describes the data for these samples, suggesting that there are no 
cytotoxic effects from the MA8 Mg alloy samples with composite 
PEO coatings containing PCL and CeO2 over time. 

 

 
 

Figure 5. Intracellular content of lactate dehydrogenase (A), creatine kinase (B) and succinate dehydrogenase (C) after co-incubation of fibroblasts and 
tumor-forming HeLa cells (D) with titanium, copper and magnesium alloy both with and without various protective coatings (after 14 days). 
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Activity of cellular enzymes after contact with magnesium 
coatings 

LDH is an intracellular enzyme that plays a role in the oxidation 
of glucose and the conversion of lactate (lactic acid) to pyruvate 
(pyruvic acid). It belongs to the class of oxidoreductases and 
catalyzes the removal of hydrogen atoms from lactate, resulting in 
the formation of pyruvate. LDH is ubiquitously expressed in human 
cells, meaning that it can be found in virtually all tissues. It is 
normally present in small amounts in the blood. The highest LDH 
concentration was observed in the supernatant after fibroblasts 
were exposed to copper or Mg without any protective coating, 
which suggested a cytotoxic effect. However, no significant 
differences in enzyme levels were found after cells were exposed 
to protective coatings on Mg alloy, thereby indicating a minimal 
effect on cell damage. Increased LDH levels in the supernatant 
were observed after HeLa tumor cells were exposed to copper, Mg 
alloy without a protective coating, and with PEO coating (Figure 
5A). It is worth noting that overall LDH levels for these cells were 
significantly lower than for fibroblasts, which suggested their 
lower cytotoxicity towards tumor cells. No significant differences 
in values were detected depending on the coating composition. 

CK catalyzes the reaction that transfers a phosphoryl group 
from adenosine triphosphate (ATP) to creatine, forming creatine 
phosphate and ADP. ATP is the molecule that provides energy for 
biochemical reactions in the human body. CK can be found in the 
mitochondria and/or cytoplasm of cells. Its increased activity 
indicates damage or destruction of cells containing the enzyme. It 
is not specific to any particular type of cell damage, as the enzyme 
is released when any cell is damaged. When CK levels were studied 
in the supernatant after exposure of fibroblast cells to various 
substances, its reduced levels were found in case of samples 
exposed to titanium, indicating a lack of stimulation (Figure 5B). 
Samples exposed to copper had the highest content of this 
enzyme, suggesting the strongest cytotoxic effect. The lowest 
cytotoxicity was demonstrated by the samples with MG alloy and 
hybrid PEO coating with corrosion inhibitor and Pol. No significant 
coating composition-based differences between the levels after 
contact with other samples were observed. CK was detected in 
small amounts in the tumor cell supernatant after contact with Mg 
coatings. The highest cytolysis rates were observed after co-
incubation of cells with copper-Mg alloy (Figure 5B).  

Succinate dehydrogenase (SDH) or succinate-ubiquinone 
oxidoreductase is an enzyme of the oxidoreductase class that plays 
an active role in the mitochondrial respiratory chain and is 
involved in oxidation reactions. Our results show that titanium has 
a stimulating effect on fibroblast activity, while copper inhibits its 
activity (Figure 5C). Regarding the effect of Mg alloys with and 
without protective coatings, we observed that Mg alloys without 
protective coating have a moderate inhibitory effect on SDH 
activity, which decreased with increasing incubation time. After 
three days of incubation, the number of active cells based on SDH 
content ranged from 62.2% for Mg alloy-exposed cells to 92.5% for 
titanium-exposed cells (Figure 5C). The number of formazan-
containing cells decreased over time, and after 14 days it was 
15.1% for Mg-exposed cells and 68% for titanium-exposed cells. 
The levels of high-SDH fibroblasts co-cultured with different 
coatings differed significantly after three days. The greatest effect 
was observed with PEO and hybrid MG coating, as shown in 
Figure 5C. The numbers of these cells decreased over time, and 
the values were independent of the coating type. When exposed 

to HeLa tumor cell samples, titanium, PEO-coated Mg alloy, and a 
hybrid coating containing CeO2 and PCL demonstrated the lowest 
cytotoxicity, as seen in Figure 5D. No significant differences in the 
number of cells with active SDH were observed depending on the 
coating type. 

 

Discussion 

Various types of modern materials are used in implant surgery. 
Modification of the surface properties in these materials affects 
the bone tissue regeneration, including protein adsorption and cell 
proliferation. Among these materials, the most promising are 
metals and alloys with calcium phosphate coatings, since they 
have chemical and phase compositions close to the mineral 
components of bone tissue [52, 53]. The PEO method is widely 
used to treat the surface of Mg alloys. This method creates 
anticorrosive coatings that provide biocompatibility and allow the 
implant to integrate with bone tissue. The purpose of protecting 
resorbable low-alloy Mg alloys is to create a protective layer with 
anticorrosive properties and biological activity. In this study, 
protective coatings were obtained on Mg alloy (MA8) using the 
PEO method. The composition of the formed anticorrosive layers 
includes calcium phosphate compounds, which are close to HA in 
stoichiometric composition. Intensive electrolyte thermolysis 
carried out during the PEO process allows the synthesis of a 
coating containing HA with a developed porous surface, which 
significantly reduces the corrosion rate of Mg alloys [54]. However, 
to further improve the corrosion resistance, it is necessary to add 
other components to the coating. We included CeO2 in the coating 
composition using a modifier. This compound attracts 
considerable interest on the part of researchers due to its ability to 
mediate antibacterial activity through oxidative stress [55]. The 
known ability of cerium to replace calcium in the body is 
considered the main mechanism of its beneficial effects. As 
another component, we used biocompatible Pol based on ε-
caprolactone. This Pol has the ability to stimulate the growth of 
fibrous tissue and promote the replenishment of its volume due to 
its unique properties [56].  

Biodegradable Mg and its alloys attract much attention due to 
their ability to decompose in the body. This material is used in 
implants for the reconstruction of large bone defects and in 
cardiovascular stents [57]. For practical applications, it is 
important to improve the corrosion resistance of Mg alloys. For 
this purpose, Mg alloys are enriched with various elements such as 
Ca and Zn. Some studies showed that in the biological 
environment of the body, these alloys effectively promote bone 
healing and regeneration. Their biodegradability means that they 
do not require re-operation, minimizing trauma for patients [58]. 
To slow down corrosion and coordinate bone regeneration in 
fractures, Mg alloys are coated. High heparinization levels in a 
poly(L-lactic acid) (PLLA) polyethylene oxide (PEO) composite 
coating (PEO/PLLA) on AZ31 biodegradable Mg alloy were 
achieved by incorporating polydopamine from mussels. This 
composite coating showed no obvious cytotoxicity against human 
umbilical vein endothelial cells (HUVECs) and arterial smooth 
muscle cells, and after surface heparinization, it became more 
suitable for HUVEC growth while inhibiting the growth of a second 
culture [59]. Cytotoxicity, cell adhesion, live/dead staining, and 
proliferation data of rat bone marrow stem cells demonstrated 
that the bilayer PEO coating with Mg and aluminum hydroxide 
significantly improved the cytocompatibility of the substrate, 
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suggesting potential use in orthopedic surgery [37]. PEO coating 
with HA is better for osteoblast adhesion and proliferation and has 
higher cytocompatibility than uncoated Mg alloy. Our data showed 
that sealing the pores of the PEO coating with Pol material 
significantly reduced the amount of inhibitor that diffused into the 
aggressive environment and slowed down the degradation of the 
Mg alloy [46-48]. High protein adsorption, especially serum 
albumin, was observed on the PEO-coated Mg alloy, while it was 
significantly lower for the CeO2-containing coating (p<0.05). When 
the coating was supplemented with PCL, protein adsorption 
increased. These results indicate that the material has high 
adsorption properties due to the decrease in the coating porosity. 
Determination of the adsorption rate of blood plasma proteins 
showed that at an albumin content of 2.35±0.2 g/L in the 
supernatant, no significant differences in the content of the 
protein fraction were found for the coating containing PCL and 
CeO2 (PEO layer) vs. the intact samples. This implies that this 
coating meets the requirements for medical devices used in 
clinical practice. 

Self-healing coatings, due to their unique properties, have a 
wide range of applications in protecting Mg alloys from corrosion 
[60]. However, there remains the problem of creating an internal 
self-healing structure capable of simultaneously restoring the 
damaged surface of the coating and preserving its protective 
properties, while remaining biocompatible [61]. There are two 
main mechanisms of self-healing in protective layers. One of them 
is due to the formation of corrosion products that block the access 
of the aggressive environment to the active centers in the Mg 
alloy. The other is due to the activation of organic or inorganic 
corrosion inhibitors that are present in the original coating 
composition and react with environmental components [62]. 
Technology used for creating modified PEO coatings with 
improved morphology, corrosion resistance, wear resistance and 
biocompatibility, as well as the possibility of their impregnation 
with antibacterial and medical agents are considered in some 
studies [29, 63-65]. One of the versatile approaches is the bottom-
up coating method that uses multilayer polyelectrolytes. These are 
weak polyelectrolyte polymers that can adjust the molecular 
weight and pH of the materials [66]. The self-healing ability of 
these coatings is due to the high mobility of Pol chains, which is 
initiated by an aqueous environment. There are two main 
methods for creating these multilayer coatings. The first method 
involves the formation of a layer including corrosion inhibitors. 
These inhibitors are released as a result of damage such as 
scratches or cracks, forming a barrier layer via physical adsorption 
and chemical complexation [67]. The scratch healing mechanism is 
explained by the formation of a complex between inhibitors and 
metals, but achieving cyclic healing is difficult due to irreversible 
reactions with the substrate material [68]. To create a 
multifunctional internal self-healing Pol coating, we used the 
second method, which provides healing through the 
rearrangement of molecular chains and dynamically reversible 
chemical bonds. These include disulfide bonds, hydrogen bonds, 
amide bonds, and electrostatic interactions. Such reversible 
reactions in scratched or damaged areas trigger a self-healing 
process in the protective layer, theoretically allowing it to repair 
damage multiple times [69].  

The interaction between the implant surface and the 
surrounding tissue is critical in in vivo models. Mammalian cells 
typically undergo a process of cell adhesion that involves 
attachment to the substrate, spreading on it, cytoskeletal 

development, survival, and subsequent proliferation. Cells on the 
PEO coating containing PCL and CeO2 were found to have a high 
number of filopodia, which is in good agreement with the scanning 
electron microscopy results in Figure 3. After 24 hours of culture, 
fibroblasts were better distributed on the PEO coatings than on 
the MA8 alloy. The use of PCL as an outer layer in the composite 
coating provides better affinity for the cells; their surface has a 
polygonal shape and a large number of filopodia and lamellipodia. 
Thus, the results demonstrate good cell adhesion, which is the first 
step in the integration of the implant with the surrounding tissue. 
Cytotoxicity studies of biomaterials use cell cultures to measure 
cell lysis, retardation of their growth and analyze other types of 
effects caused by contact with medical devices and materials [70, 
71]. The composite coating with CeO2 and Pol had a supporting 
effect without a cytotoxic effect on fibroblasts throughout the 
entire observation period (14 days). During cell lysis, enzymes are 
released into the intercellular space and their activity increases in 
the supernatant, which accompanies cell destruction. After 
contact with protective coatings on magnesium alloy, LDH and CK 
levels are lower than after contact with copper alloy, indicating a 
minimal effect on cell death. PEO and hybrid coatings had a 
significant effect on SDH activity, with the number of stimulated 
cells decreasing over time. SDH is a protein complex located in the 
inner mitochondrial membrane that plays an important role in 
cellular energy metabolism. It catalyzes the oxidation of succinate 
to fumarate, which produces ATP, a key molecule in energy 
production. Mammalian SDH also plays a role in cellular oxygen 
regulation and tumor suppression [53, 55]. Our data suggest that 
PEO coatings stimulate oxidative metabolism and structural 
changes in adherent cells, which may be associated with increased 
SDH activity. 

 

Study limitations  

There are certain limitations to our study regarding the 
biocompatibility of the coatings we synthesized for clinical use. 
From an empirical point of view, it would be necessary to 
investigate how the coating components stimulate the functional 
activity of mesenchymal stem cells to differentiate into osteocytes. 
Besides that, it is important to determine the degree of 
proinflammatory activity of these coatings, which requires further 
experiments both in vitro and in vivo. In addition, it is important to 
examine how biological fluids can affect the multifunctional 
coatings and the Mg base of the implants over time. Although 
encouraging preliminary results have been achieved in our study 
of coatings on biodegradable Mg, we plan to continue our 
research to ensure validity, representativeness and reliability of 
data. 

 

Conclusion 

The synthesis of novel grafts and biomaterial substitutes for 
bone reconstruction, as well as the study of their properties, 
demonstrated that the ideal material has not yet been developed, 
and further efforts are needed to create modern biocompatible 
implants. Under cell contact conditions, surface roughness and 
chemical composition are the most significant parameters of 
hybrid coatings, determining their effect on osteogenic 
differentiation at both cellular and tissue levels. The results of this 
study imply that a bioactive composite coating based on PEO with 
PCL and CeO2 modifies the surface of Mg alloy, providing porosity 
that promotes strong cellular adhesion. Our results represent a 
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potential alternative for the development of multifunctional Mg-
based implants and expanding the biomedical application of these 
materials. 
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