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INTRODUCTION
Traditionally, metal implants are made of rust resistant 
steel, titanium (Ti) and cobalt-chromium (Co–Cr) alloys. 
Although these metals have demonstrated good 
biocompatibility, high wear resistance, and sufficient 
mechanical strength, but they have critical limitations [1].

Firstly, they are often incompatible with the 
physiological properties of natural bone, wear out 
mechanically and can cause inflammation and 
metallosis due to corrosion. Their use requires the 
second surgical intervention to remove fixators that 
have fulfilled their goal. In the place of implantation, 
tension is created due to the high Young’s modulus, 
which is characteristic of traditional fixators for osteo-
synthesis. Reduction of peripheral bone density and 
loss of mechanical strength due to the presence of 
an implant increases the risk of secondary fracture. In 
order to overcome the large number of disadvantages 
of traditional implants at the present time, the leading 
countries of the world (USA, South Korea and Germany) 
are developing and clinically implementing implants 
made of bioresorbable materials, including metal im-
plants based on magnesium alloys [2].

Magnesium-based implants are of particular interest 
because it is proved that they promote osteogenesis, 
angiogenesis, and neuroregeneration while oppressing 
osteoclast activity and inflammation [3]. Magnesium-
based implants promote bone regeneration and 
remodeling. However, it is still unclear how magnesium 
affects metabolism and bone remodeling. 

Magnesium is the fourth most popular cation in 
organism equal to approximately 1 mole (24 g) in an 
adult and more than 60% is accumulated in bones and 
teeth. Most of the magnesium that accumulates in bone 
tissue is concentrated on the hydrated surface layers of 
apatite crystals, which is promising in the development 
of fixators for osteosynthesis [4]. This ensures a rapid 
exchange of magnesium between the blood and the 
extracellular liquid, which leads to ion homeostasis. 
Magnesium has been found to be a cofactor for various 
enzymatic reactions related to energy metabolism, 
protein and nucleic acid synthesis, functional support 
of the parathyroid glands, and vitamin D metabolism, 
which are directly related to bone formation [5] . Several 
researchers who have studied the effects of a magne-
sium-depleted diet on rats have shown a decrease in 
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systemic bone density. Suppression of the growth of 
the proximal end of the tibia and even the development 
of osteoporosis in this group was noted [6]. In these 
studies, increased magnesium intake has been proven 
to prevent a decrease in bone mineral density (BMD) 
in patients with osteoporosis. It is not reported about 
symptoms of toxicity caused by excess magnesium, as 
magnesium concentration is strictly mediated by the 
kidneys through urinary excretion [7].

AIM
 The aim of this work is to analyze the available scientific  
information regarding to the prospects of metal-os-
teosynthesis with biodegradable fixators based on 
magnesium alloys.

MATERIALS AND METHODS
A set of general and special methods of scientific knowl-
edge are used in the article.Search and analysis of full-
text articles and scientific publications - carried out in 
databases of systematic reviews of MEDLINE, PubMed, 
Web of Science, Google Scholar, Scopus.

REVIEW AND DISCUSSION
Studies [8] have shown that when the concentration 
of magnesium ions reaches the appropriate range (it 
means, 50–100 parts per million), it is able to enhance 
the viability of osteoblasts. It was found that the specific 
activity of alkaline phosphatase (AL) of osteoblasts 
cultivated on environments supplemented with Mg 
ions was significantly higher compared to the control. 
Real-time RT-PCR research also demonstrated higher 
expression levels of ALP and transcription factor - 2 
(Runx2) after stimulation with appropriate amounts of 
Mg ions. The highest expression levels of collagen type 
I (Colla 1) and osteopontin (Opn) were detected on the 
third day in cells cultured in conditioned medium [9].

In other studies, magnesium was added to different 
types of materials, including hydroxyapatite and tricalci-
um phosphate, and then the biological activity of these 
materials was investigated and compared to a control. 
When apatite in collagen was completely replaced by 
magnesium, a toxic effect was observed in the form 
of inhibition of the extracellular matrix [10]. However, 
when the amount of magnesium fluctuated in the ap-
propriate range, the formation of the osteogenic matrix, 
as well as the attachment to cells of osteoblasts, on the 
background of the synthesis of alkaline phosphatase, 
increased. An increase in osteogenic activity in vivo was 
also recorded [11].

 Although the mechanism of influence of magnesium 
ions on fracture healing has not yet been fully 
investigated, the understanding of this mechanism 
has been significantly deepened in recent works. In 
particular, in the studies conducted by Yoshizawa etc. 
[12]it is suggested that the osteoregenerative effect 
of magnesium on undifferentiated stromal cells of 
human bone marrow (hBMSC) and osteogenic hBMSC 
is probably connected with the following organized 
reactions: 1) activation of hypoxia-inducible factor 2 a 
(HIF-2 a ) and peroxisomes ; 2) gamma coactivation of 
the proliferator-activated receptor (PGC)-1a, accordingly.

Zhang et al. has found that rat bone marrow stem 
cells (BSCs) show significantly reinforced expression 
of integrin-a-5-b-1 when cultured with 5% calcium 
phosphate cement which contains magnesium 
(5MCFC), and accordingly promote osteogenic 
differentiation, whereas this effect was not observed 
when cultured with 10MCFC and 20MCFC. More 
recently, Zhang et al. demonstrated that magnesium 
ions can stimulate calcitonin-induced accumulation 
of neuronal polypeptide (CGRP) in both the peripheral 
cortex of the femur and the ipsilateral dorsal root 
ganglia (DRG), thus promoting fracture healing in a rat 
animal model [13].

This study revealed an uncertain role for Mg-2þ 
in CGRP-mediated osteogenic differentiation. In an-
other study devoted to the long-term mechanism of 
magnesium alloy degradation in vivo, Makkar P. et al. 
found that the use of biodegradable fixators based on 
magnesium can promote the crystallization of calcium 
phosphate in a rabbit femoral condyle fracture model 
[14]. All these reports have emphasized one more time 
the importance of magnesium for fracture healing 
and indicate its therapeutic potential in bone fracture 
regeneration in orthopedic clinics.

Bone metabolism includes both the formation of 
bone tissue and its destruction. It is the dynamic bal-
ance of osteoblasts and osteoclasts that supports the 
stability of bone tissue regeneration. Currently, the 
factors that mainly affect osteoclast differentiation 
and osteoresorption are PI3K-Akt and OPG-RANK-
RANKL signaling. Recent studies have shown that 
inhibition of PI3K-Akt signaling activity reduces os-
teoclast resorption [15]. While different concentrations 
of magnesium ions can regulate PI3K-Akt signaling 
in osteoblasts [16]. However, the OPG-RANKL-RANK 
signaling pathway promotes bone resorption. Gene 
transcription for osteoclast differentiation requires 
M-CSF and RANKL, which are released by osteoblasts. 
This indicates that a certain degree of differentiation 
and functional activity of osteoblasts contributes to 
the activity of osteoclasts [17].
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Magnesium-based implants release its ions, which 
leads to an increase in local concentrations. When the 
appropriate concentration is reached, the PI3K-Akt 
signaling pathway is activated to promote osteogenic 
differentiation. Osteoblast differentiation leads to the 
secretion of RANK and M-CSF to induce osteoclast dif-
ferentiation, which explains the coexistence of bone 
formation and bone resorption in the early stages after 
implantation of magnesium-based fixators. However, 
additional experiments are still needed to confirm this 
assumption. There is an opinion that simultaneous bone 
formation and bone resorption accelerates remodeling 
and promotes bone formation, which allows to increase 
the rate of callus formation [18].

Magnesium-based implants promote tissue recovery 
and regeneration during degradation and do not re-
quire removal. This allows to avoid the second surgical 
intervention and reduces treatment costs. It has been 
proven that magnesium can promote osteogenesis, 
angiogenesis, and neuroregeneration while inhibiting 
osteoclast activity and inflammation [19].

Most of the clinical researches are focused on the 
benefits of uses of magnesium, such as the stimula-
tion of osteogenesis and angiogenesis. For example, 
Wang Z, et al. used magnesium-based implants in an 
experimental rat osteonecrosis model. The regenerative 
potential of implants based on magnesium alloys was 
proven [20]. Some investigators have attempted to use 
magnesium-based screws in anterior cruciate ligament 
reconstruction, but the strength of magnesium-based 
screws in such injuries remains questionable.

Lee J.W. et al. analyzed the voltage in the screw head 
and successfully improved its construction, which 
solved the key point of the clinical use of screws based 
on magnesium alloys [21]. Magnesium-based metal 
implants also show benefits in restoring bone frac-
ture healing in elderly patients and in osteoporosis. 
Lin etc. added magnesium particles to clinically used 
polymethyl methacrylate (PMMA) bone cement to 
give it osseointegration, angiogenic, and anti-infective 
properties [22].

Bioactive magnesium metal powder has also been 
included into a composite of bioactive carcass that is 
made to repair large bone defects [23]. Recent studies 
have shown that, due to surface modification, cor-
rosion properties decrease and biocompatibility of 
magnesium alloy implants increases [24]. One of the 
approaches is to significantly increase the corrosion 
resistance of magnesium alloys due to sol-helium and 
polyester-based synthetic coatings. For example, Zhang 
et al. developed a new double-crosslinked hydrogel 
with Mg ions by photocrosslinking gelatin methacryloyl 
(GelMA), thiolated chitosan (TCS) and modified poly-

hedral oligomeric silsesquioxane (POSS) nanoparticles 
with subsequent inclusion of magnesium ions through 
MgS coordination connections [25]. Researchers have 
used more than two approaches to successfully im-
prove the corrosion properties and biocompatibility 
of magnesium-based implants, opening a new way to 
prepare biodegradable fixators [26].

Li et al. modified the inner layer of Mg(OH)2 with a 
nanocoating by introducing stearic acid (SA), which 
improved the adhesion strength between the outer and 
inner layers, avoiding the penetration of corrosive envi-
ronment [27]. In a similar way, to improve the corrosion 
resistance and biocompatibility of magnesium alloys, 
Cheng et al. tested a Mg-Al layered double hydroxide 
(LDH) coating on the surface of pure magnesium and 
demonstrated not only greater corrosion resistance, 
but also improved osteogenic, angiogenic, and anti-in-
flammatory activity and better osseointegration in vivo 
than pure magnesium [28].

The use of other nanocoatings to improve the bio-
compatibility and degradation resistance of magne-
sium alloy was reported in another work [29]. Lin et al. 
used TiO2/Mg2TiO4 nanocoating on the outer layer 
of magnesium alloy to improve its biocompatibility 
and resistance to bacterial infections [30]. Also Liu et 
al. found that a lithium-bound nanoporous coating 
provides a magnesium alloy with increased corrosion 
resistance, and also promotes angiogenesis and bone 
formation [31].

Gao et al. used calcium phosphate to improve the 
biocompatibility and stability of the magnesium alloy 
[32]. Razavi et al. extended this approach using a new 
bioceramic nanocomposite coating that resulted to 
reducing corrosion rate and improved new bone for-
mation while reducing inflammation at the border of 
implants and surrounding tissue [33]. Other authors 
achieved an increase of resistance to degradation and 
bactericidal activity by inputing graphene nanoparti-
cles into a magnesium alloy [34]. Numerical studies also 
emphasize the improvement of corrosion characteris-
tics of natural polymer coatings due to the inclusion of 
synthetic polymers. In addition, sol-gel and synthetic 
polyester coatings have demonstrated the ability to act 
as local drug delivery platforms [35]. Chen et al. pro-
duced a coating filled with zoledronate on the surface 
of an AZ31 magnesium alloy. The results showed that 
it has better corrosion resistance, and zoledronate may 
also play a role, confirming the possibility of its easy and 
effective use in the clinic [36]. It should be noted that 
researches in this field are very limited. In addition, there 
were attempts to make alloys in metallic glass to im-
prove corrosion resistance [37]. With the development 
of materials science, more and more researchers used 
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nanocomposites to increase the corrosion resistance 
and biocompatibility of magnesium alloys [38]. The 
key problem, however, remains the dynamic balance 
between the rate of degradation and recovery of bone 
tissue.

The mechanical strength, corrosion resistance, 
and biocompatibility of magnesium alloys have also 
been shown to be improved by surface modification. 
However, cytotoxicity tests were not included in most 
known studies [39]. Based on the analysis of available 
sources, it was found that, unlike an inert metal, 
there is no unified standard for assessing metals for 
cytotoxicity in biodegradable fixators. Observation of 
tissue changes in the place of installation of implants 
requires further investigation.

In general, magnesium and its alloys have excellent 
biocompatibility with bone tissue. As a result, 
magnesium has become widely used in the field of 
biomaterials as a biodegradable and bioabsorbable 
material for medical usage. There are various methods 
of controlling the corrosion of magnesium, such as 
cleaning, anodizing, alloying (fusing) metals, and 
coating the surface with various materials. Studies 
have shown that magnesium purification significantly 
reduces corrosion [40]. But chemically pure magnesium 
has weak mechanical properties, it is very brittle 
and not strong in breaking. Magnesium alloys with 
different elements offer the opportunity to increase 
the mechanical strength of pure magnesium, but 
the alloying elements must be carefully selected to 
maintain biocompatibility and increase the corrosion 
resistance of magnesium.

CONCLUSIONS
The use of fixators made of magnesium alloys during 
osteosynthesis of bone fractures does not require 
the second surgical intervention with regard to 
remove the fixators, which have fulfilled their goal. 
Magnesium alloys are light and have one-third the 
density of titanium fasteners. Magnesium-based 
implants contribute to osteogenesis, angiogenesis, 
neuroregeneration, regeneration and remodeling of 
bones at the same time inhibiting osteoclast activity 
and inflammation. Magnesium and its alloys have 
excellent biocompatibility with bone tissue. Magne-

sium-based implants contribute to a tissue regeneration 
and healing during degradation and do not require 
removal. This allows you to avoid the second surgical 
intervention and reduces treatment costs. That is why 
the development and implementation of biodegrad-
able fixators for osteosynthesis is of great importance.

Overall, several challenges remain to be resolved for 
the clinical usage of magnesium-based biodegradable 
osteosynthesis fixators.

Firstly, it is necessary to control the degradation 
rate of magnesium fixators and maintain the desired 
mechanical properties throughout the treatment 
period to support tissue healing.

Secondly, in vivo animal limb experiments still can 
not reproduce the assessment of workload required for 
interventions in patients. In the future, it is likely that 
experiments on primates will be necessary to obtain 
better evaluation data.

Thirdly, the question of reducing gas formation of 
magnesium-based implants in vivo still needs further 
researches.

Fourthly, there is still no appropriate system for bio-
logical assessment of in vitro and in vivo effects on cells 
for biodegradable alloys.

That is, the issue of efficiency and safety of magne-
sium alloys has been considered in a number of studies 
in recent years. The use of magnesium alloys in fixators 
for bone osteosynthesis provides an economical im-
provement and a possible solution for the consolidation 
of bone fractures.

When the therapeutic effect and mechanism of action 
of biodegradable fixators are clearly understood, then 
the development of clinical protocols will be possible. 
That is why the search for components and the study 
of the effect on the regeneration of bone tissue with 
the use of implants based on magnesium alloys is quite 
relevant.

 However, the clinical usage of magnesium-based 
implants is still in the research and development stage. 
The metabolism of magnesium ions in bones is not fully 
understood and therefore requires further research. 
In particular, there is currently no clear system for the 
biological assessment of biodegradable fixators. There-
fore, the use of magnesium alloy in the clinic remains 
promising, but not sufficiently studied and requires 
further researches.

REFERENCES
	 1.	� Kaur MSK. Review on titanium and titanium based alloys as biomaterials for orthopaedic applications. Mater. Sci. Eng. C. 2019;102:844 

– 862. doi: 10.1016/j.msec.2019.04.064.
	 2.	� Zhao D, Witte F, Lu F et al. Current status on clinical applications of magnesiumbased orthopaedic implants: a review from clinical 

translational perspective. Biomaterials. 2017;112:287–302. doi: 10.1016/j.biomaterials.2016.10.017.



Bohdan A. Kotelyukh et al. 

166

	 3.	� Xu L, Willumeit-Römer R, Luthringer-Feyerabend BJC. Effect of magnesium-degradation products and hypoxia on the angiogenesis of 
human umbilical vein endothelial cells. Acta Biomater. 2019;98:269-283. doi: 10.1016/j.actbio.2019.02.018.

	 4.	� Shahin M, Munir K, Wen C, et al. Magnesium matrix nanocomposites for orthopedic applications: a review from mechanical, corrosion, 
and biological perspectives. Acta Biomater. 2019;96:1–19. doi:10.1016/j.actbio.2019.06.007.

	 5.	� Zhao D et al. “Vascularized bone grafting fixed by biodegradable magnesium screw for treating osteonecrosis of the femoral head.” 
Biomaterials. 2016;81:84-92. doi:10.1016/j.biomaterials.2015.11.038.

	 6.	� Nakano M, Kawaguchi Y, Kimura T, Hirano N. Transpedicular vertebroplasty after intravertebral cavity formation versus conservative 
treatment for osteoporotic burst fractures. Spine J. 2014;14(1):39-48. doi: 10.1016/j.spinee.2013.03.016.

	 7.	� Han HS, Jun I, Seok HK et al. Biodegradable Magnesium Alloys Promote Angio-Osteogenesis to Enhance Bone Repair. Adv Sci (Weinh). 
2020;7(15):2000800. doi: 10.1002/advs.202000800.

	 8.	� Gu Y, Zhang J, Zhang X et al. Three-dimensional Printed Mg-Doped β-TCP Bone Tissue Engineering Scaffolds: Effects of Magnesium Ion 
Concentration on Osteogenesis and Angiogenesis In Vitro. Tissue Eng Regen Med. 2019;16(4):415-429. doi: 10.1007/s13770-019-00192-0.

	 9.	� Jafari S, Singh Raman RK, Davies CHJ. Corrosion fatigue of a magnesium alloy in modified simulated body fluid. Eng. Fract. Mech. 
2015;137:2–11. doi:10.1016/j.engfracmech.2014.08.009.

	10.	� Ji XJ, Gao L, Liu JC et al. Corrosion resistance and antibacterial properties of hydroxyapatite coating induced by gentamicin-loaded 
polymeric multilayers on magnesium alloys. Colloids Surf B Biointerfaces. 2019;179:429-436. doi: 10.1016/j.colsurfb.2019.04.029.

	11.	� Knigge SR, Glasmacher B. Comparison between three in vitro methods to measure magnesium degradation and their suitability for 
predicting in vivo degradation. Int J Artif Organs. 2018;41(11):772-778. doi: 10.1177/0391398818772777.

	12.	� Yoshizawa S, Brown A, Barchowsky A, Sfeir C. Role of magnesium ions on osteogenic response in bone marrow stromal cells. Connect 
Tissue Res. 2014;55(1):155-9. doi: 10.3109/03008207.2014.923877.

	13.	� Zhang F, Xu H, Wang H et al. Quantitative analysis of near-implant magnesium accumulation for a Si-containing coated AZ31 cage from 
a goat cervical spine fusion model. BMC musculoskeletal disorders. 2018;19(1):105. doi:10.1186/s12891-018-2027-5.

	14.	� Makkar P, Sarkar SK, Padalhin AR et al. In vitro and in vivo assessment of biomedical Mg-Ca alloys for bone implant applications. J Appl 
Biomater Funct Mater. 2018;16(3):126-136. doi: 10.1177/2280800017750359.

	15.	� Zhang X, Zu H, Zhao D et al. Ion channel functional protein kinase TRPM7 regulates Mg ions to promote the osteoinduction of human 
osteoblast via PI3K pathway: In vitro simulation of the bone-repairing effect of Mg-based alloy implant. Acta Biomater. 2017;63:369-
382. doi: 10.1016/j.actbio.2017.08.051.

	16.	� Hung CC, Chaya A, Liu K et al. The role of magnesium ions in bone regeneration involves the canonical Wnt signaling pathway. Acta 
Biomater. 2019;98:246-255. doi: 10.1016/j.actbio.2019.06.001.

	17.	� Wu L, Feyerabend F, Schilling AF et al. Effects of extracellular magnesium extract on the proliferation and differentiation of human 
osteoblasts and osteoclasts in coculture. Acta Biomater. 2015;27:294-304. doi: 10.1016/j.actbio.2015.08.042.

	18.	� Kovács B, Vajda E, Nagy EE. Regulatory Effects and Interactions of the Wnt and OPG-RANKL-RANK Signaling at the Bone-Cartilage Interface 
in Osteoarthritis. Int J Mol Sci. 2019;20(18):4653. doi: 10.3390/ijms20184653.

	19.	� Willumeit-Romer R. The interface between degradable Mg and tissue, JOM. 2019;71(4):1447 – 1455. doi:10.1007/s11837-019-
03368-0.

	20.	� Wang Z, Wang X, Pei J et al. Degradation and osteogenic induction of a SrHPO4-coated Mg-Nd-Zn-Zr alloy intramedullary nail in a rat 
femoral shaft fracture model. Biomaterials. 2020;247:119962. doi: 10.1016/j.biomaterials.2020.119962.

	21.	� Lee JW, Han HS, Han KJ et al. Long-term clinical study and multiscale analysis of in vivo biodegradation mechanism of Mg alloy. Proc 
Natl Acad Sci U S A. 2016;113(3):716-21. doi: 10.1073/pnas.1518238113.

	22.	� Liu C, Ren Z, Xu Y et al. Biodegradable Magnesium Alloys Developed as Bone Repair Materials: A Review. Scanning. 2018;2018:9216314. 
doi: 10.1155/2018/9216314. 

	23.	� Jang HY, Shin JY, Oh SH et al. PCL/HA Hybrid Microspheres for Effective Osteogenic Differentiation and Bone Regeneration. ACS Biomater 
Sci Eng. 2020;6(9):5172-5180. doi: 10.1021/acsbiomaterials.0c00550.

	24.	� Hong K, Park H, Kim Y et al. Mechanical and biocorrosive properties of magnesium-aluminum alloy scaffold for biomedical applications. 
J Mech Behav Biomed Mater. 2019;98:213-224. doi: 10.1016/j.jmbbm.2019.06.022.

	25.	� Zhang X, Huang P, Jiang G et al. A novel magnesium ion-incorporating dual-crosslinked hydrogel to improve bone scaffold-mediated 
osteogenesis and angiogenesis. Mater Sci Eng C Mater Biol Appl. 2021;121:111868. doi: 10.1016/j.msec.2021.111868.

	26.	� Parande G, Manakari V, Prasadh S et al. Strength retention, corrosion control and biocompatibility of Mg-Zn-Si/HA nanocomposites. J 
Mech Behav Biomed Mater. 2020;103:103584. doi: 10.1016/j.jmbbm.2019.103584.

	27.	� Li Y, Zhao S, Li S et al. Surface Engineering of Biodegradable Magnesium Alloys for Enhanced Orthopedic Implants. Small. 
2019;15(51):e1904486. doi: 10.1002/smll.201904486.

	28.	� Cheng S, Zhang D, Li M et al. Osteogenesis, angiogenesis and immune response of Mg-Al layered double hydroxide coating on pure Mg. 
Bioact Mater. 2020;6(1):91-105. doi: 10.1016/j.bioactmat.2020.07.014.



Prospects of osteosynthesis with fixators based on magnesium alloys, mechanical and physiological properties...

167

	29.	� Munir K, Lin J, Wen C et al. Mechanical, corrosion, and biocompatibility properties of Mg-Zr-Sr-Sc alloys for biodegradable implant 
applications. Acta Biomater. 2020;102:493-507. doi: 10.1016/j.actbio.2019.12.001.

	30.	� Lin Z, Zhao Y, Chu PK et al. A functionalized TiO2/Mg2TiO4 nano-layer on biodegradable magnesium implant enables superior bone-
implant integration and bacterial disinfection. Biomaterials. 2019;219:119372. doi: 10.1016/j.biomaterials.2019.119372.

	31.	� Liu W, Guo S, Tang Z et al. Magnesium promotes bone formation and angiogenesis by enhancing MC3T3-E1 secretion of PDGF-BB. 
Biochem Biophys Res Commun. 2020;528(4):664-670. doi: 10.1016/j.bbrc.2020.05.113.

	32.	� Gao P, Fan B, Yu X et al. Biofunctional magnesium coated Ti6Al4V scaffold enhances osteogenesis and angiogenesis in vitro and in vivo 
for orthopedic application. Bioact Mater. 2020;5(3):680-693. doi: 10.1016/j.bioactmat.2020.04.019.

	33.	� Razavi M, Fathi M, Savabi O et al. Biodegradable Magnesium Bone Implants Coated with a Novel Bioceramic Nanocomposite. Materials 
(Basel). 2020;13(6):1315. doi: 10.3390/ma13061315.

	34.	� Li Y, Liu L, Wan P et al. Biodegradable Mg-Cu alloy implants with antibacterial activity for the treatment of osteomyelitis: In vitro and 
in vivo evaluations. Biomaterials. 2016;106:250-63. doi: 10.1016/j.biomaterials.2016.08.031.

	35.	� Liu C, Yang G, Zhou M et al. Magnesium Ammonium Phosphate Composite Cell-Laden Hydrogel Promotes Osteogenesis and Angiogenesis 
In Vitro. ACS Omega. 2021;6(14):9449-9459. doi: 10.1021/acsomega.0c06083.

	36.	� Chen S, Wan P, Zhang B et al. Facile fabrication of the zoledronate-incorporated coating on magnesium alloy for orthopaedic implants. 
J Orthop Translat. 2019;22:2-6. doi: 10.1016/j.jot.2019.09.007. 

	37.	� Chen K, Xie X, Tang H et al. In vitro and in vivo degradation behavior of Mg-2Sr-Ca and Mg-2Sr-Zn alloys. Bioact Mater. 2020;5(2):275-
285. doi: 10.1016/j.bioactmat.2020.02.014.

	38.	� Kawamura N, Nakao Y, Ishikawa R et al. Degradation and Biocompatibility of AZ31 Magnesium Alloy Implants In Vitro and In Vivo: A 
Micro-Computed Tomography Study in Rats. Materials (Basel). 2020;13(2):473. doi: 10.3390/ma13020473.

	39.	� Andrade VM, Aschner M, Marreilha Dos Santos AP. Neurotoxicity of Metal Mixtures. Adv Neurobiol. 2017;18:227-265. doi: 10.1007/978-
3-319-60189-2_12.

	40.	� Ben Amara H, Martinez DC, Shah FA et al. Magnesium implant degradation provides immunomodulatory and proangiogenic effects and 
attenuates peri-implant fibrosis in soft tissues. Bioact Mater. 2023;26:353-369. doi: 10.1016/j.bioactmat.2023.02.014.

CONFLICT OF INTEREST
The Authors declare no conflict of interest 

CORRESPONDING AUTHOR
Bohdan A. Kotelyukh
Shupyk National Healthcare University of Ukraine
9 Dorohozhytska St, 04112  Kyiv, Ukraine
e-mail: xiceman257@gmail.com

ORCID AND CONTRIBUTIONSHIP
Bohdan A. Kotelyukh: 0000-0002-6288-066X  
Oleksandr Movchan: 0000-0002-8678-6483  
Serhii Teslia: 0000-0002-3322-4209  
Dmitro Shtonda: 0000-0002-2968-5950  

 – Work concept and design,  – Data collection and analysis,  – Responsibility for statistical analysis,  – Writing the article,  – Critical review,  – Final approval of the article

RECEIVED: 16.04.2024
ACCEPTED: 09.12.2024 C R E AT I V E  C O M M O N S  4 . 0

https://orcid.org/0000-0002-6288-066X
https://orcid.org/0000-0002-8678-6483
https://orcid.org/0000-0002-3322-4209
https://orcid.org/0000-0002-2968-5950

