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Abstract
Present investigation focuses on development and detailed characterization of a new Mg alloy sample (BM) with and
without coating of hydroxyapatite (BMH) and bioactive glass (BMG) by air plasma spray method. After detailed mechano-
physico-chemical characterization of powders and coated samples, electrochemical corrosion and SBF immersion tests were
carried out. Detailed in vitro characterizations for cell viability were undertaken using MG-63 cell line followed by in vivo
tests in rabbit model for studying bone healing up to 60 days. Starting current density increases from BM to BMH to BMG
indicating highest resistance towards corrosion in case of BMG samples, however BMH also showed highest icorr value
suggesting slowest rate of corrosion than BM and BMG samples. Dissolution of calcium ion in case of BMH and BMG
control formation of apatite phases on surface. Ca2+ ions of coatings and from SBF solution underwent reduction reaction
simultaneously with conversion of Mg to MgCl2 releasing OH− in the solution, which increases pH. Viability and
propagation of human osteoblast-like cells was verified using confocal microscopy observations and from expression of
bone specific genes. Alkaline phosphatase assay and ARS staining indicate cell proliferation and production of neo-osseous
tissue matrix. In vivo, based on histology of heart, kidney and liver, and immune response of IL-2, IL-6 and TNFα, all the
materials show no adverse effects in body system. The bone creation was observed to be more for BMH. Although both
BMH and BMG show rays of possibilities in early new bone formation and tough bone–implant bonding at interface as
compared to bare Mg alloy, however, BMG showed better well-sprayed coating covering on substrate and resistance against
corrosion prior implanting in vivo. Also, better apatite formation on this sample makes it more favourable implant.
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Graphical Abstract

1 Introduction

Magnesium alloys gathered special interest in recent years in
context of structural lightweight applications in temporary
implants because of their ability to be gradually dissolved,
absorbed, consumed or excreted through urine [1, 2]. High
load bearing capacity and fracture toughness compared to
existing biodegradable polymers made them more suitable as
orthopaedic implant. Biodegradability of these alloy implants
implies that they need not be removed through second surgery,
thus minimizing trauma and medical expenses [3]. Recent
investigations have used Mg alloy based wound closures for
gastrointestinal procedure [4] and polymer coated Mg alloy
based scaffold for sustained drug release [5]. However, the
major obstacle against widespread application is their high
corrosion rate [6, 7], which might be attributed to the presence
of different impurity elements acting as active cathodic site
when in solution. Presence of elements such as Fe, Ni, Cu and
Co above their tolerance limit may significantly increase Mg
corrosion [8]. Whereas presence of elements such as Ca, Zn,
Si and Al up to a certain quantity can improve the mechanical
properties as well as corrosion resistance [9, 10]. Depending
up on the requirements of biomedical applications, magnesium
alloys has been modified through various methods such as
surface modification via anodization [11], electrodeposition
[12], chemical conversion coatings [13] or organic coatings
[14] or alloying. In case of biodegradable implant application,
alloying seems to be preferable method as ion release will
maintain a continuity. Among the Mg alloy systems, Mg–Ca
and Mg–Zn have shown a balance of properties, mechanical
and corrosion resistance, suitable for biomedical applications
[15]. Calcium helps to improve bone healing process, whereas
Zn is known to increase the mechanical strength of the alloy
[16]. Inspired by the result, Kirkland et al. prepared and
examined a series of ternary Mg–Zn–Ca alloys by varying the
ratio of Zn to Ca and came to the conclusion that the corrosion
is correlated with alloy microstructure, which can be varied

through changing the ratio [17]. Recent studies on Mg–Zn–Ca
alloying system show high mechanical properties, simulta-
neous high strength and high ductility (yield stress, Rp0.2 >
250MPa, ultimate tensile strength Rm > 300MPa and fracture
strain, Af > 20%) within a composition window of 5–6wt.%
Zn and 0.2–0.4 wt.% Ca [18, 19]. Studies by Mao et al.
showed that with increasing Zn content, microstructure is
more refined and mechanical properties are improved [20].
Depending on the results, most researchers have assumed that
ternary alloys based on Mg–Zn–Ca system are safe for in vivo
use. In vivo evaluation of Mg–Zn–Ca system demonstrated no
sign of inflammation 4 weeks after first implantation when
used in 3-month-old C57BL/6 mice [21]. Another study using
Mg60Zn35Ca5 in pig also supported the utility of Mg–Zn–Ca
system in the field of implant application [22]. Park et al.
modified the last composition (Mg62Zn35Ca3) to use calcium
as a grain refinement agent, whereas Zn to increase mechanical
strength. Results confirmed better biocompatibility and
improved corrosion resistance as the samples were absorbed
completely after 4 weeks from implantation without any
inflammatory phase [23]. Thus, adequate amount of Ca and Zn
can be added to pure Mg to improve biocompatibility and
mechanical property without showing toxicity [24]. According
to the available data, it is yet to formulise the effect of Zn, Ca
or Zn/Ca ratio in ternary alloy systems. However, to ensure
long-term stability, alloying never proved to be enough due to
degradation caused by electrochemical corrosion by formation
of cathodic sites in microstructure. In order to elongate the
stability, degradation must be slowed, in other words corrosion
resistance must be increased. Thus, several procedures have
been used to retain mechanical properties for longer period,
among them surface coating predominates due to its simplicity
yet effectiveness towards the requirement. Various physical,
chemical, mechanical and biological deposition methods have
been adopted for depositing bioactive glass (BG) and bio-
ceramic on various substrates [25]. It was suggested that sur-
face coating of Mg-based implant has advantages of gradual
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degradation over a period of time along with superior corro-
sion consistency enabling strength decay [26]. And in this
regard, advantages of plasma spray technique include its ease
of preparation, coating on unique surface with good adhesion,
conformal and pin-hole free films, less leachability, sterile
upon preparation and in case of magnesium alloy, less chance
of corrosion by atmospheric moisture.

Further, surface modification of Mg alloys can be classified
into metallic, ceramic and polymeric according to the chemical
characteristics and atomic structure of the coating materials,
reviewed by Yin et al. [27]. Choice of coating material has
become a topic of interest in many research groups. Different
materials such as ceramics and glass (hydroxyapatite (HAp),
calcium phosphates, 45S5 bioglass, etc. [28–31]), polymer
(PGA, PLA, PEO-PCL, PEA-PLLA, PLG, etc. [32]) and
composite (HAp-PCL, F-HAp [33]) have been used according
to the implant requirements. CaP coatings done by ion-beam-
assisted deposition or electrochemical and chemical treatment
reduce the rate of corrosion, but crystal structure, chemical
composition, coating morphology and degradation rates differ.
Sometimes less cell viability on the longer run was also
reported [34]. However, according to the substrate material,
component design, cost and end applications, coating thick-
ness requirement and process temperature, plasma spray
coating was chosen as one of the coating procedures. And
further, keeping the variables in mind BG and HAp were
chosen as coating material in the present investigation. BGs
when implanted react to physiological fluids and form a strong
chemical bond with bone. It forms a hydroxyl carbonate
apatite layer on the surface and delay further corrosion. Use of
HAp as coating material in hybrid structures and metals has
gained attention due to interaction of HAp with tissue [35].

Thus, in the present study, we have developed and used a
new ternary system (Mg–Zn–Ca) of Mg alloy based sub-
strates, which was further coated using air plasma spray
system with HAp and for the first time with BG S53P4 as
well as coating material. Aim of this study is to understand
the compositional effect of substrate on coating in long-term
use and finally suitability as implant material for bone
defect healing in animal models for 60 days.

2 Materials and methods

2.1 Fabrication of samples

2.1.1 Sample preparation

In the present investigation, we have used a new Mg alloy
with alloying elements of ~22.5% Zn and 0.5% Ca by wt.
was used as substrate material (henceforth, the samples will
be referred as BM). Alloying elements were quantified by
X-ray fluorescence spectroscopy (XRF) prior. Further,

phases of alloys were analysed by X-ray diffraction (XRD)
(PANalytical, the Netherlands) and Fourier-transformed
infra-red spectroscopy (FTIR) (Spectrum 100, PerkinElmer,
USA) and scanning electron microscopy-energy dispersive
analysis of X-ray (SEM-EDAX) (Phenom proX, Phenom-
World B.V., the Netherlands) was used for microstructural
and approximate qualitative elemental determination.
Samples were cut into rectangular strip/plate with size
100 × 10 × 3 mm (L × b × t) using abrasive cutting machine.
Surface of the specimens was roughened by 99.9% high
pure alumina grit (16 mesh) using a pressure blast (MEC
Shot Blasting Equipments Pvt. Ltd., India). Roughness of
bare surface was kept around 6–10 μm (average). Finally,
acetone was used to clean all the samples ultrasonically and
dried at room temperature for further use.

BG S53P4 was synthesized by conventional melt-quench
method using SiO2 (Loba Chemie, Mumbai, India, Min.
assay 99.7%), CaCO3 (Min. assay 98.5%), Na2CO3 (Min.
assay 99.9%) and (NH4)2HPO4 (Min. assay 99%) (Merck,
Mumbai, India) as raw materials. Calculated batch were
mixed thoroughly and melted at 1360 °C followed by
quenching in double distilled water. Frits were collected and
extensively milled at 250 rpm using a planetary ball mill
(PM100, Retsch, Germany) followed by further grinding
and sieving to obtain granules ranging between 70 and
150 μm. The powder chemical composition was checked by
wavelength dispersive XRF spectrometry. The final powder
was also tested to ensure particle size distribution (Micro-
trac S3500, USA).

On the other hand, HAp was prepared by conventional
wet chemical method using A.R. grade calcium hydroxide
[Ca(OH)2, Central Drug House, India] and ortho-
phosphoric acid (H3PO4, Merck, India) as raw materials.
Stoichiometry of reagent materials was maintained in a way
(1.67) that pure phase can be obtained. After completion of
drop-wise mixing of H3PO4, solution was kept for 24 h for
precipitation. Precipitate was then washed and filtered fol-
lowed by drying at 80 °C for 24 h. After drying, this was
ground and sieved to get homogeneously sized powders.
Powder was fired at 800 °C to obtain phase pure HAp.
Finally, the same was graded sieved to obtain granules
ranging between 70 and 150 μm. Sintered (at 1250 °C) free
flowing granules were used for subsequent plasma spray
coating purpose. Further details have been reported else-
where [36].

Strips/plates of BM were used for HAp and BG coating
by using air plasma spray system (Sulzer Metco, USA)
(henceforth, BG and HAp coated BM samples shall be
referred as BMG and BMH, respectively). Six-axis manip-
ulator (ABB Engineering, China) was used to obtain uni-
formity of the coating on substrate. Plasma cathode, a
conical tip, was made of thoriated tungsten, while copper
was used to make anode/nozzle of the torch with a conical
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shape that finished in a cylindrical duct 6 mm in internal
diameter. Torch generation was carried out using argon
(primary plasma gas) and hydrogen (secondary plasma gas).
Spray conditions used are detailed in Table 1.

2.1.2 Feedstock powder and coating characterization

Phase analyses of the powders were carried out by powder
XRD with Cu Kα (λ= 1.54178 Å) radiation [40 kV/30 mA
with 2θ between 20° and 60°, step size of 0.05°] and further
verified by FTIR [KBr pellet method; mid-IR range of
4000–400 cm−1, resolution 4 cm−1] spectroscopy with
He–Ne laser IR source.

Similarly, phase analyses of the coatings before and after
immersion in stimulated body fluid (SBF) were carried out
by XRD and FTIR for molecular structural information.
Field-emission scanning electron microscope (FESEM)
(Zeiss Supra, 35VP, Germany) equipped with energy-
disperse spectrometer attachment were utilized to evaluate
both top surface and cross-section morphologies and
quantitative elemental allocations of the samples before and
after immersion. Prior the study, carbon sputter coating was
given (∼30 nm) to make the surface conductive. Coating
delamination strength was assessed by scratch tester
(Scratch Adhesion Tester, Ducom, USA) having diamond
indenter Rockwell C, with tip radius 200 μm with increasing
load from 1 to 35 N.

2.1.3 Electrochemical corrosion test

Electrochemical corrosion of coated and uncoated samples
was carried out in SBF solution with an electrochemical
workstation (Bio-Logic Science Instruments SAS, France).
Setup contains three-electrode cell (kept at 37 ± 0.5 °C) with
reference electrode as Saturated calomel electrode (SCE),
counter electrode as platinum mesh and sample with 0.64 cm2

surface area exposed to the solution as working electrode.
Prior the experiment, samples were ground using 1200 grit

emery paper, followed by polishing with 1 μm alumina pow-
der and washing with ethanol (99%). The potentiodynamic
polarisation data were collected from −0.25V (with reference
to SCE) to 1.6 V with a scanning rate 10mV/s.

2.1.4 SBF immersion test

SBF solution was prepared following Kokubo et al. [37],
maintained at 37.4 ± 0.2 °C and pH ~7.4 by tris [tris
(hydroxymethyl)aminomethane] buffer during preparation.
Surface area of samples to volume of SBF added was
maintained at 1 cm2/15 mL during the study in closed test
tube for 7 and 14 days without replenishing SBF solution in
between. Change in weight of sample, pH and supernatant
ion concentrations (Mg2+, Ca2+, PO4

3) was noted with time.
After 7 and 14 days, low angle XRD and FTIR were used
for assessment of coating composition while FESEM was
taken on top surface to verify the microstructure. Quanti-
tative phase analysis of the XRD data was done by using
RIR method in X’pert pro HighScore Plus software.

2.2 In vitro biocompatibility assessments

2.2.1 Cell culture procedure

Cell culture medium containing DMEM, 10% foetal calf
serum and 1% penicillin/streptomycin with human
osteoblasts-like cells (MG-63) was used and kept in a
humidified atmosphere of 5% CO2 at 37 °C. 90% con-
fluence cells were counted following the procedure of
trypsinization, centrifugation and finally suspended back in
media. Sterilization of the samples was carried out using
70% ethanol and UV light for 30 min followed by washing
with sterile PBS (pH 7.4) and treated with DMEM medium
for 4 h to generate a conducive atmosphere for better sus-
taining of cells. Implants were partially dried for 2 h to
make certain for superior cell penetration. The next step
includes drop-by-drop addition of 20 μL of the cell sus-
pension in medium, containing 105 cells in each sample.
The cell loaded samples were kept in a humidified envir-
onment, at 37 °C, 5% CO2 to facilitate better cell adhesion
in the early hour. The cell seeded matrices were kept in
medium for 21 days with alternate day replacement of
medium.

2.2.2 Cell viability assay

MTT assay was carried out to examine the viability of cells
at several time points. The procedure involved the incuba-
tion of samples in 5 mg/mL MTT [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide] stock solution (1:10
dilution) using PBS (pH 7.4). After 4 h of incubation, for-
mazan crystals were dissolved in DMSO and the optical

Table 1 Spray condition used for plasma spray coating of HAp and
bioactive glass on Mg alloy

Coating parameters HAp coating (BMH) S53P4 coating (BMG)

Arc current 500 A 350 A

Current 458 A 357 A

Voltage 62.2 V 58.2 V

Argon 55 NLPM 55 NLPM

Hydrogen 3 NLPM 2 NLPM

Flow rate 21 g/min 28 g/min

Water conductivity 39.9 µs 39.9 µs

Gun distance 6 inch 6 inch

Average time 40 s 35 s
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density was measured in spectrophotometer (Bio-Rad,
iMark) as per the manufacturer’s guidelines.

2.2.3 Cell proliferation by alamar blue (AB) assay

Cell proliferation on matrices was measured using AB dye-
reduction assay over 21 days using dye-to-media ratio of
1:10. A microplate reader (Thermo Scientific Multiskan
Spectrum, Japan) was used to estimate the dye reduction of
the incubated samples at 570 and 600 nm (for 4 h in dark
condition) using following equation:

% AB reduction= [(εoxλ2)(Aλ1)− (εoxλ1)(Aλ2)/(εredλ1)
(A′λ2)− (εredλ2)(A′λ1)] × 100…(1) where ελ1 (570 nm) and
ελ2 (600 nm) represent the molar extinction coefficient of
AB; εox and εred in oxidised and reduced form, respectively;
absorbance of test wells were Aλ1 and Aλ2 and A′λ1 and A′
λ2 correspond to the absorbance of negative control wells.
All given pairs were evaluated at 570 and 600 nm.

2.2.4 Alkaline phosphatase (ALP) assay

MG-63 cells (NCCS, Pune, India), seeded with samples,
were cultured for a definite time point to quantify the pro-
duced alkaline phosphatise spectrophotometrically. Briefly,
the cell laden constructs were rinsed with PBS (pH 7.4),
homogenised with 1 mL tris buffer (1 M, pH 8.0) and finally
sonicated for 4 min in chilled condition. Next, 1 mL of
16 mM p-nitrophenyl phosphate (Sigma) solution was
added to 20 µL of the supernatant and incubated for 5 min,
at 30 °C. The p-nitrophenol produced in presence of ALP
was measured by observing the absorbance at 405 nm
depicting absorbance, calculated at 405 nm as p-nitrophenol
formed and normalized by incubation duration and cell
count: µmole/min/105 cells.

2.2.5 Cellular morphology

Orientation, distribution and morphology of cells were
monitored by Laser confocal microscopy (Olympus FV
1000, Olympus, Japan). In brief, samples were fixed with
4% paraformaldehyde for 1 h followed by 5 min cellular

permeabilization using 0.1% Triton X-100 in bovine serum
albumin (BSA). Post blocking of samples with 1% BSA for
1 h, actin filaments were stained using Alexa Fluor® 488 and
the nuclei with Hoechst 33342. Later, these were imaged by
confocal laser microscopy and analyzed with Olympus FV
1000 Advanced software version 4.1 (Olympus, Japan).

2.2.6 Gene expression by real-time RT-PCR

RNA extraction was performed on 21 days cultured MG-63
cells on different samples by using Trizol solution (Invitro-
gen, USA). In brief, cell seed samples were transferred to
small vials containing 1.5 mL of Trizol solution and incubated
for 15min. After that, centrifugation was done at 12000 rpm
for 10 min/4 °C and the clear supernatant was collected in a
fresh tube followed by addition of chloroform, incubated for
5 min at RT. The sample was then mixed for 15 s and again
incubated for 5 min at RT. Again the samples were cen-
trifuged at 12000 rpm for 15 min at 4 °C and the top most
aqueous layer was transferred to an RNeasy Plus Mini-Spin
Column (Qiagen, Germany). According to the manufacturer’s
protocol, the RNA was washed and eluted repeatedly. Then,
RNA samples were reverse-transcribed into cDNA using
High capacity cDNA reverse transcription kit (Applied Bio-
systems, USA) in line with the manufacturer’s guidelines.

Using SYBR Green (Applied Biosystems, USA), gene
expression was performed by real-time PCR conditions in
an ABI Prism® 7000 Sequence Detection System (Applied
Biosystems, USA). SYBR Green Supermix, 5 µL cDNA
templates and 5 pmol/mL of each primer (forward and
reverse) were used for real time analysis in a final solution
of 50 µL volume and plates were loaded using a RT loading
platform. Cycling conditions involved an initial denatura-
tion step of 8 min and 45 s at 95 °C followed by 45 cycles of
30 s at 95 °C, 30 s at 58 °C and 30 s at 72 °C. Data were
collected at 72 °C in each cycle. CT (threshold cycle) values
were calculated using the Relative Quantification software
(Applied Biosystems).

Highly purified gene-specific primers for osteopontin
(OPN), collagen I, osteocalcin (OCN), Runx2 and house-
keeping gene GAPDH (Table 2) were selected bearing in

Table 2 RT-PCR primer
sequences (forward and reverse)
used in the current gene
expression study

Genes Forward primer Reverse primer

Runx2 5′-GCTTCTCCAACCCACGAATG-3′ 5′-GAACTGATAGGACGCTGACGA-3′

OCN 5′-AAAGCCCAGCGACTCT-3′ 5′-CTAAACGGTGGTGCCATAGAT-3′

Osteonectin 5′-ACAAGCTCCACCTGGACTACA-3′ 5′-TCTTCTTCACACGCAGTTT-3′

OPN 5′-GACGGCCGAGGTGATAGCTT-3′ 5′-CATGGCTGGTCTTCCCGTTGC-3

ALP 5′-TCAGAAGCTCAACACCAACG -3′ 5′-TTGTACGTCTTGGAGAGGGC -3′

BSP 5′-CAGGGAGGCAGTGACTCTTC-3′ 5′-AGTGTGGAAAGTGTGGCGTT-3′

COL I 5′-TCCTGCCGATGTCGCTATC-3′ 5′-CAAGTTCCGGTGTGACTCGTG-3′

GAPDH 5′-AGGTCGGTGTGAACGGATTTG-3′ 5′-TGTAGACCATGTAGTTGAGGTCA-3′
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mind the literature and synthesized commercially (MWG-
Biotech AG Ltd, India). The Ct value of the housekeeping
GAPDH gene was used to normalise relative expression
levels for each target gene using an identical procedure
(2−ΔΔCt formula, Perkin Elmer User Bulletin s ≠ 2). Each
sample was experimented in triplicate.

2.2.7 Mineralization assay by alizarin red S (ARS) staining

The mineralization study was assessed by using the ARS
staining dye. In brief, prior to washing thrice with PBS,
MG-63 cells loaded constructs were fixed in ice cold 70%
ethanol for 1 h. Next, constructs were again washed with
distilled water and stained with ARS (40 mM) for 20 min at
RT. At the end, the stained constructs were viewed under
optical microscope after rigorous washing with distilled
water. The principle of the study is to observe the miner-
alization which occurs due to binding of ARS with calcium
salts. This can be qualified by imaging (mentioned above)
and quantified by reading the absorbance at 540 nm in
microplate reader prior to desorbing the stain by using 10%
cetylpyridinium chloride for 1 h.

2.3 In vivo biocompatibility studies

Nine mature New Zealand white rabbit (1.5–1.8 kg body
weight) were utilized in the present in vivo pre-clinical
experiment. The rabbits were maintained in separate cages
of temperature and humidity controlled room including
provision of standard diet and water. The animals were
assigned into three random groups consisting of three ani-
mals each. In group I (three animals) bare Mg alloy scaf-
folds (BM) were implanted bilaterally in distal part of femur
bone, whereas BMH and BMG implants were placed in
other two groups (groups II and III, respectively). Protocol
of Institutional Animal Ethical Committee, West Bengal
University of Animal and Fishery Sciences (WBUAFS),
India, (Approval No. Pharma/188 (viii) dated 31.07.2015)
was strictly followed.

2.4 Surgical procedure

Before surgery, distal femur of both hind legs were shaved,
cleaned and aseptically prepared. Anaesthesia was achieved
with a combination of xylazine hydrochloride (Injection
Xylazine, Indian Immunologicals, Ahmadabad, India) at
6 mg/kg body weight and ketamine hydrochloride (Ketalar,
Parke-Davis, Hyderabad, India) @33 mg/kg body weight
intramuscularly. Skin incision was made in the distal lateral
part of the femoral bone in all groups. The femur bone was
approached by surgically exposing the skin, subcutaneous
tissue, the muscle and finally periosteum. A circular bone
defect was created by micromotor dental drilling to press fit

the implants. During this procedure, constant sterile cold
water was irrigated at the defect site to prevent thermal
necrosis of bone. Respective implants were then press fitted
and incised muscles, fascia and skin were apposed with
standard suturing techniques.

2.4.1 Postoperative clinical examinations

During the post-operative period, animals were checked for
any lameness, swelling of the operated site, oedema and the
cardinal signs of local inflammatory reaction up to 2 months.

2.4.2 Radiological examinations

Chronological radiographs of the operated limb were
performed at day 0 and afterwards on 1 and 2 months
postoperatively (300 mA, M.E. X-Ray Machine, India)
to ascertain the proper position of implant within the
bony defect.

2.4.3 Histological study

Implanted bone area was collected for histology to assess
the status of cell–material interaction. Accordingly,
implanted bone tissue samples were collected for all the
groups on 2 months postoperatively. Bone sections were
initially fixed in 10% formalin for 7 days and afterwards
decalcified using Goodling and Stewart’s fluid (15 mL
formic acid, 5 mL formalin and 80 mL distilled water). The
resultant decalcified bone samples were fixed in paraf-
ormaldehyde, 4 µm tissue sections was prepared from par-
affin embedded block and finally stained with haematoxylin
and eosin. The stained tissue sections were finally examined
under Leica microscope (Leica Microsystems, Weltzar,
Germany) for histological examination.

2.4.4 Scanning electron microscopy study

Two month post-implanted bone samples were also checked
for interfacial study of new osseous tissue formation using
SEM. After carefully removing the soft tissue from the
bone, samples were fixed in 2% electron microscope grade
glutaraldehyde phosphate solution for 48 h, washed thrice
for 30 min with PBS (pH 7.4) and distilled water and finally
drying the samples in a series of graded alcohol solutions.
Gold sputter coated bone samples were imaged using an
FESEM (LEO, UK) for microstructural analysis of newly
formed osseous tissue at the interface of bone and material.

2.4.5 Fluorochrome labelling study

Oxytetracycline as fluorochrome marker (Terramycin; Pfi-
zer India, India) @25 mg/kg body weight was injected
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25 days prior to euthanasia of the animals at 2 months, i.e.
on the days 35, 36 and 43, 44 (2-6-2) postoperatively.
Retrieved implanted bone samples were ground to 20 µm
thickness and finally placed under ultraviolet incidental
light with a Leica DM 2000 fluorescence microscope. The
golden yellow fluorescence (new bone formation) pixels
was measured and consequently converted to percentage of
new osseous tissue formation.

2.4.6 Toxicological study

Toxicological study of BM, BMH and BMG implanted
bone was carried out by histology of three major organs
(heart, liver and kidney). To carry out, H&E stained histo-
logical sections of heart, liver and kidney from sacrificed
animals were prepared to observe any presence of sig-
nificant cellular changes.

2.4.7 Immunocompatibility study

Amount of host-implant immune compatibility was deter-
mined by measuring the concentration of IL2, IL6 and TNF-α
cytokine response of the animals post in vivo implantation
with biomaterials (i.e. BM, BMH and BMG implants). Blood
serum was collected at 1, 2, 4 and 8 weeks post surgery and
concentrations of IL2, IL6 and TNF-α were estimated using
ELISA kits for rabbit (Invitrogen, USA).

2.5 Statistical analysis

Statistical analysis of the in vivo immune response data was
carried out using one-way analysis of variance (ANOVA)
with a Tukey’s post hoc by ORIGIN software. Absolute
mean values and standard deviations were calculated. Data
were taken from three samples (n= 3).

3 Results

3.1 Material characterization

3.1.1 Substrate characterization

XRD, FTIR and SEM-EDX of bare substrate (BM) are
shown in Figs. 1A-a, B-a and 2A-a, c, e, respectively. SEM
exhibited typical ground surface caused by mechanical
grinding having EDX and XRF (not shown) confirming
alloying materials Mg, Zn and Ca with impurities (such as
SiO2, Al2O3, SrO, etc.). XRD indicated crystalline phase-
pure magnesium, matched with JCPDS PDF #00-035-0821,
while FTIR supported the presence H2O and Mg–O as a
result of environmental corrosion.

3.1.2 Powder characterization

XRD of graded/sieved (80–120 μm) HAp and BG powders
confirmed crystalline HAp phase (Fig. 1A-b) and amorphous
glassy phase (Fig. 1A-c) from characteristic peaks [2θ values
31.7°, 32.2° and 32.9° corresponding to (211), (112) and (300)
planes and matched with JCPDS PDF# 00-009-0432] and
amorphous hump, respectively. FTIR spectra (Fig. 1B-b)
showed peaks related to vibrational and stretching of phos-
phate groups (603, 962 and 1093 cm−1) and apatite –OH
group (3572 cm−1) supporting phase purity of HAp along with
peaks corresponding to carbonate group (1640 cm−1) as well.
FTIR of BG sample (Fig. 1B-c) showed peaks at 1023 cm−1

(stretching) and 455 cm−1(bending) corresponding to Si–O–Si
vibrations and that at 872 cm−1 corresponds to O–Si–O
stretching. A broad absorption peak at 3426 cm−1 corresponds
to intermolecular hydrogen bonded OH, whereas presence of
molecular water is also evident by sharp peak at 1645 and
2924 cm−1and impurities such as ionic nitrates at 1463 cm−1.

Fig. 1 A XRD pattern and B FTIR spectra of (a) BM, (b) HAp granules fired at 1250 °C, (c) bioactive glass, (d) BMH (•HAp phase) and (e) BMG
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Final composition of BG used for plasma spray coating was
(approximately by wt.): 53% SiO2, 23% Na2O, 20% CaO and
4% P2O5.

3.1.3 Coating characterization

Figure 1A-d, e shows the XRD of coated surface of BMH
and BMG samples, respectively. BMH samples showed
phase mixture of HAp and Mg (73% and 27%, respectively,
calculated from Rietveld analysis). Percentage of crystal-
linity (calculated by Landi et al.’s method [38]) and average
crystallite size (calculated by Scherrer’s method [38]) of
HAp phase is found to be about 74% and 19 nm, respec-
tively. Physically, coating coverage was found to be better
in case of BMG compared to other samples with no for-
mation of crystalline/other amorphous phase. Amorphicity
of S53P4 was increased after plasma spray process which is
reflected by lower intensity of XRD pattern.

Figure 1B-d, e shows FTIR spectra of BMH and BMG,
respectively. Wider peaks in comparison with spectra of the
HAp powder were found in case of BMH samples. Decrease
in the crystallinity of BMH (as seen in XRD) has also been
reflected in FTIR. No characteristic peaks were found due to
carbonate bond as that of base HAp powder. Broadening of
peaks at 560, 603 and 1049 cm−1 and decrease in intensity at
3752 and 632 cm−1 can be observed in case of BMH samples.

Peak broadening (at 472, 1024 and 1600 cm−1) can be seen in
case of BMG sample also after plasma spray coating.

Figures 2A-b, c and A-d, e show FESEM microstructures
of top and interface of plasma sprayed BMH and BMG,
respectively. At interface, layer-wise fish scale-like mor-
phology of melted and deformed splat can be seen near
vicinity of substrate and at top globular shaped splat along
with some porosity (~1–10 μm) were seen around outside/
periphery of BMH samples together with some unmelted
particles. Dimensions of pores for BMG were slightly higher
(15–30 μm) with layer-wise globular shaped unmelted/
unreacted particles. The thickness of the coating was found
to be 50–60 μm for BMH and 90–100 μm for BMG samples.
There was sharp decrease in Mg concentration which can be
seen from EDAX line scan across interface (cf. Fig. 2A-c, e).

Load-displacement plot obtained after scratch test on
BMH and BMG are shown in Figs. 2B-a and B-b, respec-
tively; corresponding optical microscope images of the
scratch are also provided. From these results, the delami-
nation load was found to be 7.2 N at 3.8 mm for BMH,
whereas in case of BMG, it was 24.84 N at 4.8 mm.

3.1.3.1 Electrochemical properties Potentiodynamic polar-
ization curves for BM, BMH and BMG samples are shown in
Fig. 2C-a–c, respectively. Corresponding data of corrosion
potential (Ecorr) and corrosion current density (icorr) were

Fig. 2 A Top surface FESEM [(a), (b) and (d) for BM, BMH and
BMG, respectively] and interface FESEM-EDAX [(c) and (e) for
BMH and BMG]. B Scratch profile of (a) BMH and (b) BMG [inset:

optical microscope image of surface]. C Tafel plot recorded during
corrosion testing in contact with SBF for (a) BM, (b) BMH and (c)
BMG samples
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evaluated from the curves. For BM, BMH and BMG, Ecorr

(mV) values were −1540, −1420 and −296, respectively,
with corresponding Icorr (μA) values as 250, 297 and 68,
respectively. Decrease in Ecorr of BMH and BMG clearly
indicate that both coatings have relatively better resistance to
corrosion initiation than BM. However, the corrosion rate
appears to be lowest for BMG due to their lowest Icorr.

3.1.3.2 SBF immersion test Figure 3A-a, b, B-a, b and
C-a, b shows the XRD pattern after 7 and 14 days of SBF
immersion test of BM, BMH and BMG samples, respec-
tively. After 7 days of immersion, the XRD of BM showed
11% HAp (JCPDS PDF #00-19-0272) along with 89% Mg
(JCPDS PDF #00-035-0821). Mg phase was found to
increase up to 92.7% after day 14 confirming corrosion on
the surface. XRD of BM samples also showed decrease in
HAp phase crystallinity (11–7.3%) as well as average crys-
tallite size (83–33 nm) after day 14. Both BMH and BMG
samples showed formation of HAp (JCPDS PDF #01-086-
1201) and calcium phosphate hydroxide (JCPDS PDF #01-
083-1887) along with Mg(OH)2 (JCPDS PDF #01-076-0667
and #00-044-1482, respectively). Percentage of phases in
case of BMH samples was calculated using X’pert pro
software and was found to be 7.5% HAp (with average
crystallite size 11 nm) and 92.5% magnesium hydroxide.
XRD taken after 14 days showed decrease in percentage
(7.5–4.5%) of HAp phase (with average crystallite size
4.7 nm). However, in case of BMG samples, Ca–P phase was
found to increase from day 7 (31.3%) to day 14 (67.3%)
along with average crystallite size of HAp (9.3–11 nm).

FTIR spectra of BM, BMH and BMG samples after days 7
and 14 of SBF immersion study, as shown in Fig. 3A-c, d, B-
c, d and C-c, d, supported XRD findings. BM samples
showed peaks related to carbonated apatite at 563, 872, 1054,
1468 and 3435 cm−1. Based on FTIR result, after SBF study
of BM samples, the layer obtained contains phosphates and
carbonates. A sharp P–O bending mode doublet at 592 cm−1

is suggestive of HAp [39]. However, decrease in C–O and
P–O peak intensity supports the decrease in crystallinity as
stated in XRD. BMH and BMG samples, on the other hand,
showed fingerprints of apatite phase (563, 872, 1042, 1166,
1424, 1640, 2924 and 3700 cm−1 in case of BMH samples
and 872, 1042, 1468, 1640, 2924 and 3696 cm−1 in case of
BMG samples) along with indication of Mg–O bonding at
450–500 cm−1 wavenumber. A detailed band interpretation is
given in Table 3. BMG samples showed more apatite
formation than BMH samples after SBF immersion study.
After SBF immersion for 14 days, top surface of bare and

coated Mg alloy substrates were found to have different
morphologies due to interaction with SBF. BM samples
showed (Fig. 4A-a) flower-like apatite deposition, primar-
ily composed of needle shaped crystals covering the entire
surface. BMH samples (Fig. 4A-b) exhibited globular
apatite microstructure composed of fine interconnected
flakes with pores (0.1–1.5 μm). There was layer-wise
apatite formation and when observed at higher magnifica-
tion the precipitates revealed flake-like crystals with small
pores in case of BMG (0.5–1.5 μm) (Fig. 4A-c and inset)
and morphology was found to be denser and closely packed
than others.

Fig. 3 XRD pattern and FTIR spectra of the samples after 7 and 14 days of SBF test. A BM. B BMH. C BMG. (a) and (b) are XRDs and (c) and
(d) are FTIRs after 7 and 14 days, respectively, [• HAp phase and ■ Mg phase]
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pH of supernatant solution collected from BM, BMH
and BMG samples increased with time (Fig. 4B) in
varying rates. Though, after initial 7 days, the increase in
pH was higher for BMH samples, however, BMG
samples was found to be higher after day 14. Qualita-
tively, the change in weight of the samples (Fig. 4C) was
found to be directly proportional to the formation of
apatite on these surfaces. Negligible weight change of
BM samples indicate its inability towards apatite
formation, whereas the weight grain of BMH (average
increase after 7 day was ~3.4% and after 14 day it was
~12.9%) and BMG (average increase in weight after
7 day was ~8.7%, after 14 days this was ~27.2%)
demonstrate their apatite precipitation ability. Changes in
ion concentration of supernatant with immersion time are
another way of correlating bioactivity (w.r.t. apatite
formation) as well as corrosion (Fig. 4D-a–c). BM
showed increase of Mg ion concentration with time,
whereas the solution of BMH samples showed initial

Table 3 FTIR peak analysis after SBF immersion study

BM (cm−1) BMH (cm−1) BMG (cm−1)

Day 7 Day 14 Day 7 Day 14 Day 7 Day 14

Mg–O 424 420 424 424 424 424

P–O 563 563

P–O 585 592

C–O/HPO4
3− 872 879 872 872 872

P–O 1042 1042 1042

P–O 1054 1054

P–O 1166 1166 1166 1166 1166

C–O 1424 1424 1424

C–O 1468 1476 1468 1468

H–O–H 1640 1640 1640 1640 1640 1640

Absorbed H2O 2851 2851 2851 2851 2851

Absorbed H2O 2924 2924 2924 2924 2924

H–O–H 3435 3426 3427 3427 3427 3427

O–H 3700 3694 3700 3700 3700 3696

Fig. 4 A FESEM microstructures after 14 days of SBF study; change of B pH, C weight and D magnesium, calcium and phosphate ion
concentration of supernatant of different samples at days 0, 7 and 14. (a) BM, (b) BMH and (c) BMG
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increase of Mg ions up to day 7 but the rate was
decreased at day 14. In case of BMG samples, however,
Mg ion was found to be decreased after day 7–14.
Calcium ion concentration was decreased in case of BM
and BMH after days 7 and 14, but the same increased in
BMG after day 7 and eventually deceased at day 14.
Supernatant corresponding to BMH and BMG showed
lower concentration of phosphates which support higher
bioactivity (w.r.t. apatite formation) of the samples.

3.2 In vitro biocompatibility assessments

MTT and AB assays were conducted to assess the cyto-
toxicity of samples. Both results showed that these implants
are non-toxic and provide favourable surfaces for cellular
proliferation. MG-63 cell viability, cell proliferation and
ALP expression on BM, BMH and BMG samples were
measured on days 5, 7, 14 and 21 days. Maximum
cell viability (**p < 0.01, ***p < 0.001), proliferation
(*p < 0.05, ***p < 0.001) and ALP expression (**p < 0.01,
***p < 0.001) were recorded for BMH after 21 days of cell
culture as shown in Fig. 5A–C, respectively. Calcium
(Ca2+) deposition, on the other hand, measured on day 14
and 21 days (Fig. 5D) showed maximum for BMH again
after 21 days of cell culture (**p < 0.01, ***p < 0.001).

3.2.1 Cell morphology

Laser confocal helped to examine cell morphology and
spreading of cells on samples. Cell morphology on BM,
BMH and BMG are presented in Fig. 5E-a–c. Maximum
number of cells are present in BMH as compared to other
coated samples. Actin covers total surface of this sample
and formed neo matrix which penetrated to sample as well.
Actin filaments were stained with Alexa Fluor® 488 (green),
nuclei with Hoechst 33342 (blue) and finally examined
under confocal at 20×.

Cell growth upon different layers of 3D constructs was
observed by Z-scanning during confocal microscopy and
finally image was taken by merging the different layers. The
image depicted abundance and homogeneously dispersed
actin filaments on BMH and BMG samples compared to
BM. BMH samples showed presence of abundant cells
followed by BMG. However, actin sharing was meagre and
secluded for BM to just around the cell nuclei.

mRNA expression of representative bone-associated genes,
such as OPN, collagen I, OCN and Runx2, help to investigate
osteogenic efficacy of different implants. Figure 6 shows the
comparison of the gene expression of cells on various samples
after 21 days of culture. BMH and BMG samples exhibited
relatively higher levels of genes compared to BM samples.

Fig. 5 MG-63 A Cell viability, B proliferation, C ALP expression and D mineralization assay of different samples. E Cell morphology (by
confocal laser microscopy) of (a) BM, (b) BMH and (c) BMG samples
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However, after the study, substantial difference in gene
expression between BMH and BMG was not observed.

3.3 In vivo studies

3.3.1 Bone histology

Figure 7A-a–c shows histological picture of implanted
bone at 2 months. As shown in Fig. 7A-a, BM implanted
bone section depicted a well-developed bony matrix with
sufficient number of Haversian canal, bony lacunae and
few osteoclasts. Medullary portion was less avascular and
occupied by few osteoclasts, osteocytes and scanty amount
of mucin. Accumulation of osteocyte was prominent in
cortical area. Angiogenesis towards medullary region was
lesser in amount (Fig. 7A-a). Bony section of BMH
implant depicted bony lamellae characterized by well-
developed Haversian system, canaliculi and resorption of
bone in pericortical areas. Medullary region was occupied
by RBC, scanty amount of mucin, few osteoblasts and

numerous osteocytes. Bony lacunae in some places were
invaded by few osteoclast cells. Angiogenesis was pro-
minent in medullary portion although fibrovascularisation
was sufficient in cortical mass (Fig. 7A-b). Figure 7A-c
shows histological images of BMG implanted bone sec-
tion. Section depicted presence of abundant osteocytes,
osteoclasts and osteoblast. Fibrovascularisation was pro-
minent in cortical area and perimedular area. Medullary
cavity had adipose tissue, few RBC, moderate amount of
mucin and osteoblast cell. Angiogenesis was fewer in
cortical area than in medullary area (Fig. 7A-c).

3.3.2 Fluorochrome labelling study

Golden yellow florescence in the section depicted new oss-
eous tissue formation, whereas dark sea green colour desig-
nates host bone. The BM implant samples at 2 months
showed new bone formation mainly at centre part and par-
tially in edges, as pointed out by the presence of golden
yellow fluorescence (Fig. 7B). New bone formation was

Fig. 6 Relative gene expressions (normalized by reference gene GAPDH) w.r.t. A OPN, B OCN, C Runx2 and D COLI expression of
different samples
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nearly 23% in defect area. BMH implant group depicted
ample new osseous tissues (~37%) in contrast to other two
groups. Although golden yellow fluorescence was mostly
limited to peripheral side, a wide deep area of new bone
formation was observed. Along this deep zone of golden
fluorescence, a narrow band of fluorescence throughout the
length was also observed nearly to central part of section
indicating bone formation both in central as well as in per-
ipheral zone. In BMG implant group, new bone formation
was nearly 29%, mostly in periphery. The new osseous tissue
was measured using ImageJ software. The golden colour
pixels were calculated and changed to percentage using scale
bars from three images each.

3.3.3 SEM of bone–implant interface

Scanning electron microscopy of bone–implant interface of
BM, BMH and BMG samples are given in (Fig. 7C). It was
found that BMH showed best bone apposition in due course
of time with little or no interfacial gap, while BMG had also
shown similar trend, but due to its conversion of apatite-like
layer, metal surface was found to be covered by apatite-like
layer with an apposition of bony soft tissue at interface. On

the other hand, BM was found to be replaced with asso-
ciated interfacial bone with time. Matured bony tissues were
noticed in case of BMH with time.

3.3.4 Radiology

Figure 8A shows sequential radiology of different implants
in distal metaphysis of femur bone in rabbit model. In BM
implant, day ‘0’ (day of implantation) radiographs showed a
radiodense circular material placed in metaphysis of the
distal femur. After 1 month, the material radiodensity was
reduced in comparison to earlier time point. A negligible
impression of implant was found after 2 months indicating
maximum degradation of material vis-à-vis moderate oss-
eous growth in the defect site. Radiodensity of material and
bone is comparable (Fig. 8A-a–c). In BMH implant, ‘0’ day
radiograph showed radio-opaque material in the distal
femoral bone defect. By the end of 1 month, implant was
visible in the defect region with comparable radiodensity of
host bone although there was a distinct radiolucent gap
between bone and implant. At 2 months, implant was
visible with similar radiodensity of host bone but there was
reduction in diameter of implant indicating degradation was

Fig. 7 A Histology [(i) haversian canal, (ii) osteoblasts, (iii) osteoclasts]. B Fluorochrome labelling [blue arrow—new bone formation; red arrow—
old bone]. C SEM images of implanted bone samples after 2 months [(a) for BM, (b) for BMH and (c) for BMG]
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under process. Radiolucent gap between implant and bone
was reduced indicating new osseous tissue formation from
the host bone (Fig. 8A-d–f). In BMG implant, ‘0’ day
radiograph showed presence of radiopaque implant in cre-
ated defect of distal metaphysis of femur bone extending up
to opposite cortex of bone. At 1 month, implant was visible
with comparable radiodensity of host bone. Implant within
the bone was under process of degradation as observed by
reducing diameter of implant. Radiolucent gap in between
implant and bone is negligible. The implant at 2 months
showed moderate degradation as observed with loss of
round shape of diameter within bony cavity. Radiodensity
of implant is approaching to bone density and new bony
tissue ingrowths over the defect area (Fig. 8A-g–i).

3.3.5 Toxicity study of vital organs

3.3.5.1 Heart Figure 8B-a–c shows histological section at
2 months of implantation. Architectural detail of BM
implanted heart myofibril retained its vitality with all pro-
cesses including nuclear prominence, intact cytoplasm and
fibrovascular network. Vascularisation of total structure was
quite normal. Cellular details and infiltrating cells were
within normal limit (Fig. 8B-a). In BMH implant group,
section depicted almost normal structure of myocardial
tissue characterized by well nuclear detail, cytoplasmic
organelles and regularly arranged fibres. Mononuclear cells
were predominant in some places without involving oedema
or other exudation (Fig. 8B-b). In BMG implant group,
section depicted a normal architectural pattern of cardiac
tissue without any presence of infiltrating cells (Fig. 8B-c).

3.3.5.2 Kidney In case of BM implant, kidney section
depicted normal glomerular tufts, tubular architecture and

well-maintained collecting ducts. Peri-glomerular spaces
showed normal architectural detail with mild infiltrating cells.
Few tubular lining epitheliums showed degeneration to some
degree but within normal limit (Fig. 8B-d). Renal architecture
of BMH implant was quite normal with glomerular tufts for-
mation and different intact renal tubules. Oozing of RBCs in
inter-tubular spaces was seen focally and some tubular epi-
thelium showed necrosis and infiltration with mononuclear
cells (Fig. 8B-e). In BMG implant, section showed normal
architecture of kidney with glomerular tufts formation and
different intact renal tubules (Fig. 8B-f).

3.3.5.3 Liver Section of BM implanted liver depicted normal
limits of hepatocytes. Some portion of total portal triads
showed few infiltration and RBC extravasations. Few hepa-
tocytes showed focal changes with mild necrosis (Fig. 8B-g).
In BMH, section depicted normal hepatic architectural detail
characterized by well-formed hepatocytes, portal triads and
well-made globules. Infiltration of mononuclear cells and von
Kupffer cells were within normal limit (Fig. 8B-h). In BMG
implant group, hepatic parenchyma showed presence of RBC,
mononuclear cell, well-formed central veins and few von
Kupffer cells (Fig. 8B-i).

3.3.6 In vivo immune response

Figure 9A–C shows the expression of TNF-α, IL-2 and IL-
6 at 1, 2, 4 and 8 weeks. The expression of IL-2 at 1, 2, 4
and 8 weeks showed that at the 1st week, the inflammatory
response due to the materials increased maximally followed
by a gradual fall at the 2nd, 3rd, 4th and finally at the end
of 8th week where the immunoreactivity of the implanted
animals returned to its baseline as compared to control
(normal healthy) animals. **p < 0.01 and *p < 0.05, n= 3

Fig. 8 A Radiographs of BM (a–c), BMH (d–f) and BMG (g–i) implanted bone immediately after implantation (day ‘0’), 1 month and 2 months
post surgery. B Histological images of heart (j–l), kidney (m–o) and liver (p–r) of BM, BMH and BMG implanted at 2 months post surgery

55 Page 14 of 20 Journal of Materials Science: Materials in Medicine (2021) 32:55



at each time point (one way ANOVA). The expression of
IL-6 at 1, 2, 4 and 8 weeks showed that at the 1st week, the
inflammatory response due to the materials increased
maximally followed by a gradual fall at the 2nd, 3rd, 4th
and finally at the end of 8th week where the immunor-
eactivity of the implanted animals returned to its baseline
as compared to control (normal healthy) animals. ***p <
0.001, **p < 0.01 and *p < 0.05, n= 3 at each time point
(one way ANOVA). The expression of TNF-alpha cytokine
response at 1, 2, 4 and 8 weeks showed that at the 1st week,
the inflammatory response due to the materials increased
maximally followed by a gradual fall at the 2nd, 3rd, 4th
and finally at the end of 8th week where the immunor-
eactivity of the implanted animals returned to its baseline
as compared to control (normal healthy) animals. **p <
0.01 and ***p < 0.001, n= 3 at each time point (one way
ANOVA).

4 Discussion

Magnesium ion has different role in numerous biological
functions, for instance, in bone. Bivalent magnesium ions
help formation of biological apatite as well as have stimu-
latory effect on growth of marrow cells [40]. It was also
reported that adding up of magnesium in nutrients helps in
bone metabolism, whereas deficiency leads to lowered bone

escalation and amplified bone resorption [41]. Now, in case
of Mg alloy implants, depending on its composition, faster
degradation is observed within bony environment especially
in cancellous part of bone than cortical part [3]. Due to rapid
degradation of bare Mg-based implants, attempts have also
been made to trigger the mechanical integrity irrespective of
the implantation site.

Mg alloy mimics comparable elastic modulus and
mechanical strength as cortical bone leading to bone
regeneration [42]. In physiological environment, Mg alloy
decays in contact with water (body fluid) as shown below.
Degradation of Mg alloy in body fluids produces Mg2+

cations which are efficiently excreted by kidneys and
eliminate them naturally through urine

Mg sð Þ þ 2H2O lð Þ ! Mg2þ þ 2OH� þ H2 gð Þ

Mg2þ þ 2OH� Ð Mg OHð Þ2 sð Þ

Rapid degradation of Mg and its alloys is a serious concern
for degradable implant application. Therefore, several surface
modification approaches have been attempted by different
groups [43]. Surface modification not only ensures better
mechanical integrity by providing resistance against corrosion
in biological fluids but also improves bioactivity of these
alloys depending on type of coating material. For temporary
fracture fixation devices, this combined advantage was found
to be suitable, because this could alleviate necessity of second
surgery for removal of implant thereby reducing hospital cost
and surgical complications too [44]. Among various surface
modification techniques, plasma spraying technique helps in
chemical control, bio-corrosion resistance as well as reduced
substrate fatigue resistance. Further, plasma spraying process
enhances surface properties and biocompatibility keeping
excellent bulk properties unchanged. In particular, the tech-
nique has many advantages in biomedical applications, for
example, with regard to film chemistry, better coating adhe-
sion, conformal and pin-hole free films and enhanced infil-
tration [45]. In the present investigation, plasma spraying was
chosen in order to get a firm adhesion/layer-wise formation of

Fig. 9 Expressions of A TNF-α, B IL-2 and C IL-6 at 1, 2, 4 and 8 weeks for different samples with the reference of control (normal healthy
animals)

Fig. 10 Proposed mechanism of corrosion and apatite formation when
immersed in SBF
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coating with porosity which would act as nucleation site for
apatite formation and help different cell functions, ultimately
increasing the biocompatibility of the sample. For the first
time, plasma spray method using BG material has been
employed for a new Mg alloy composition. In plasma spray
process using HAp, powders experience high flame tem-
perature, which causes evaporation of water (trapped within
pores or part of the HAp lattice structure), resulting decrease
in crystallinity (Fig. 1A-d) and low adhesion strength (Fig.
2B-a) [46]. Amorphous S53P4 powders showed firm appo-
sition with the substrate surface after plasma spray coating
[which reflected in better adhesions strength (Fig. 2B-b)]
without any trace of magnesium phase in XRD (Fig. 1A-e).
Microstructure of BMH showed melted and deformed splat
near to its substrate, whereas globular shaped splat at the
periphery of coating surface (Fig. 2A-c), which can be
attributed to better surface cooling on outer surface as com-
pared to inner layers; more cooling led them to more ther-
modynamically stable shape. Due to its amorphous nature,
BAG forms less irregular and globular shaped splat on the
surface (Fig. 2A-d). Pores having size ranging 1–10 μm were
seen in case of BMH samples, whereas BMG showed inter-
connected pores ranging 15–30 μm. Interface study confirmed
presence of pores up to layers adjacent to BMH substrate
which explains lower delamination strength as well as avail-
ability of Mg phase in XRD as an effect of Mg ion migration
from substrate, on the other hand amorphous BMG showed
absence of pores even up to layers adjacent to substrate
confirming firm layer-wise formation of coating on surface of
substrate. Better homogeneity and superior coverage of BG
coating (for BMG) ensured increase in resistance towards
corrosion when immersed in SBF solution showing a very
high Ecorr value (−296.246mV vs. SCE) compared to BM
(−1540.824mV vs. SCE) and BMH (−1420.479mV vs.
SCE) samples. Lower resistance of BMH was due to surface
pores, which act as pitting corrosion sites [47]. Corrosion
current densities (icorr) of coated and uncoated samples indi-
cated that BMG samples exhibited lowest thermodynamic
tendency to participate in anodic reaction thus effectively
improving resistance followed by BMH and BM samples
[48]. However, after initial corrosion, BMH samples tends to
form inactive layer of Mg(OH)2, which reduced surface
reactivity towards corrosion as stand-alone coating [32].
When immersed in ionic solutions which consist of chloride
(Cl−) ion (SBF), this passive layer converts from Mg(OH)2 to
soluble MgCl2with time, weakening the surface as well as
releasing OH− ions in solution increasing the pH (Fig. 4B).
MgCl2 dissolves easily in SBF and releases Cl− to continue
the chain of corrosion on surface

Mg OHð Þ2þCl� ¼ MgCl2 þ OH�

MgCl2 ¼ Mg2þ þ Cl�

SBF immersion study, which also involves corrosion, is
a very complicated phenomenon where ion exchange occurs
simultaneously for apatite formation as well as corrosion.
When immersed in SBF, leaching of ions from substrate to
solution occurs initially followed by apatite precipitation.
Dissolution of calcium ion in case of BMH and BMG
control formation of apatite phases on surface. Ca2+ ions of
the coatings and ions from SBF solution underwent
reduction reaction simultaneously with conversion of Mg to
MgCl2 releasing OH− in the solution, which increases the
pH as well. Essentially, the reaction stages are outlined by
the following equations

Mg ¼ Mg2þ þ 2e 2H2PO�
4 þ 2e ! 2H2PO2�

4 þ H2

2H2Oþ 2e ¼ H2 þ 2OH� 2H2PO
2�
4 þ 2e ! 2PO3�

4 þ H2

Mg2þ þ 2OH ¼ Mg OHð Þ2 10Ca2þ þ 6PO3�
4 þ 2OH� ! Ca10 PO4ð Þ6 OHð Þ2 BMHð Þ

Mg OHð Þ2þCl� ¼ MgCl2 þ OH� 5Ca2þ þ 3PO3�
4 þ OH� ! Ca5 PO4ð Þ3 OHð Þ BMGð Þ

Hence, more corrosion leads to higher pH as well as
higher Mg2+ concentration after day 7 in case of BMH
samples where porosities in the coating most probably let
SBF penetrate to Mg interface which gradually decreases
with increasing apatite precipitation up to day 14 with
increasing final weight as well. On the other hand, slow
increase in pH from day 0 to 7 until day 14 illustrated
slower corrosion rate of BMG samples. Therefore, forma-
tion and crystallization of apatite layer retards aggressive
corrosion during initial days. High calcium concentration of
SBF related to BMG samples after day 7 supports leaching
of BG which gradually react with phosphates to form apa-
tite layer on surface of sample increasing final weight in this
case too. Phase difference of apatite formed might be
explained by presence of different ions in solution at dif-
ferent concentrations in accordance with leaching of ions
from sample [49]. However, difference in average crystallite
size of apatites formed in case of BM, BMH and BMG
samples can be explained by the fact that more nucleation
site decreases the average crystallite size. As HAp and BAG
coatings are porous, they provide much more nucleation site
then the uncoated substrate, hence lower average crystallite
size, which can be seen from XRD data too. Decrease in
average crystallite in case of BM and BMH samples from
day 7 to 14 confirms presence of pores on surface created
from corrosion. On the other hand, increase in average
crystallite size for BMG samples proves better apatite for-
mation on the surface than others. Apatite formation and
corrosion is schematically represented in Fig. 10, where
Ca2+ originated from SBF and surface of sample react with
H2PO4

− to form insoluble apatite. During the process, OH−

forms and reacts with leached Mg2+ to form Mg(OH)2,
which also precipitates on surface increasing resistance of
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the coating. Depending upon Ca2+ concentration in SBF
solution, different phases of Ca–P form. Ca2+ concentration
difference between supernatant of BMH and BMG after day
7 clearly gave an idea why two different apatite phases
formed in BMH and BMG samples.

Cell–materials interactions require initial attachment of
cells which can influence ensuing cellular and tissue
responses [50]. It is reported that the adhesion and viability of
cells depend on culture setting and material surface features.
However, rapid degradation of Mg and its alloys leads to
concomitant increase in the pH, which can be detrimental to
cell adhesion and survival. This can be seen from the in vitro
results of BM with least corrosion resistance. Due to absence
of coating, pH rapidly increases, whereas for coated Mg alloy
samples, degradation of BG is more as compared to HAp
resulting less attachment, viability and proliferation of cells
in the order of the BM>BMG>BMH at different time
intervals of 5, 7, 14 and 21 days post incubation. Further,
coated Mg alloys provide conducive atmosphere for cell
connection and expansion. Any protective coatings prevent
the entry of water and electrolyte [51], leading to slower
corrosion of Mg alloy substrate vis-à-vis diminishing the
diffusion rate of OH− from Mg surface to the medium. As a
result, the rise of pH of solution neighbouring the Mg sam-
ple, which in turn helps to surface attachment of numerous
cells and subsequent proliferation.

Underlying principle of protective effect is that, being a
reactive metal, bare Mg will act in response with water,
precipitation of Mg(OH)2 on the surface of Mg and con-
sequent release of H2 gas. It is assumed that the accrued Mg
(OH)2 layer on Mg prevents dissolution by avoiding mass
diffusion between Mg and the solution [52]. Resultant Mg
(OH)2 is changed to more soluble MgCl2 by Cl− [53],
which releases Mg2+ into the solution. Mg2+ release
depends upon severity of Mg corrosion. Accordingly, in the
present study, the release of Mg2+ in cell culture is used to
judge protective effect of HAp and BG coating on Mg
substrate. It has been observed that there was low release of
Mg2+ from HAp and BG coating compared to BM
throughout the incubation period, leading to less corrosion
in coated samples. On the other hand, adhesion strength also
plays a vital role as corrosion resistance [54].

ALP activity and ARS assay are important tools to calculate
mineralization upon implants. Cells resemble an orderly,
sheet-like structure when there are considerable levels of
mineralization. During the entire period of culture, prerequisite
nature of samples includes rising ALP activity, intensity of
Alizarin Red staining and stressed actin arrangement of cells
upon samples. In the present study, HAp and BG coated
samples shows favourable results in comparison to bare Mg
alloy. Likewise, images of BMH show unsystematic deposi-
tion of actin-stress fibres together with dense cell colony and to
some extent on BMG too. In general, in vitro analysis

illustrates considerable perfection of sample properties of HAp
and BG coated samples with respect to biocompatibility, cell
viability and proliferation and osteoconductivity. Side by side,
BMH implant is a notably better choice than BMG implant. In
vivo biocompatibility can only be assessed by observing nat-
ure and magnitude of inflammation of neighbouring soft tissue
reaction in presence of any foreign material. In the present
study, although lesser vascularization, fibrous tissue and pre-
sence of mononuclear cells in the histological figures are
observed, neither significant inflammatory reaction nor for-
mation of gas cavities around the implantation site of bone is
pronounced. This advocates that the implants are well accep-
ted in vivo indicating a promising biodegradable implant
material.

Radiographic evaluation of implants is a non-invasive
technique to assess the position of implant during the healing
process. In the in vivo test, radiologically a significantly higher
degradation of BM was observed as compared to BMH and
BMG implant. There was moderate osseous growth in defect
site in BM, whereas more bone formation was observed in
coated implants. Enhanced bone formation might be owing to
release of Mg ions, because high Mg concentration is essential
for bone cell activation [55]. Similar experiment with Mg–Ca
pins in bone defect model shows better activity of osteoblasts
and osteocytes around the implant [56]. Moreover, it could be
expected that enhanced local pH surrounding the implanted
area due to gradual corrosion of Mg alloy provides a favour-
able environment for mineralization. In both coated groups,
implants within bone were under the process of gradual
degradation as observed by reducing diameter of implant and
new bony tissue ingrowths over defect area. This might be due
to gradual degradation of Mg alloy from the coated implants.
Moreover, during the entire healing process, no gas bubbles
are observed owing to gradual release of Mg ions from coated
implants during degradation [55, 56]. In the present study,
radiological findings can be corroborated with the fluor-
ochrome labelling results. Tetracycline, a bone specific mar-
ker, was used for quantifying the amount of new bone
formation in the defect area. Tetracycline is deposited in any
fracture site during the active mineralization process. BM
implant at 2 months showed bone formation mainly at the
middle and partially in peripheries, as marked by the presence
of golden yellow fluorescence. In BMH and BMG implant
group, the intensity of golden yellow fluorescence was more
prominent at periphery with wide deep area of new bone
formation. The findings of fluorochrome labelling can also be
compared with histological results. No noticeable inflamma-
tory effects are observed surrounding the implants indicating
biocompatible nature of the implants. In bare Mg alloy, his-
tological section depicted a bony matrix with abundance
Haversian canal, bony lacunae and few osteoclasts along with
lesser angiogenesis towards medullary region. In BMH,
implant showed bony lamellae characterized by well-
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developed Haversian system, canaliculi and resorption of bone
in pericortical areas signifying presence and delineation of
osteogenic cells. In BMG, implant group depicted a large
number of osteocytes, osteoclasts and osteoblast proliferation.
New bone formation around the bare Mg implants at 2 months
might be due to stimulating effect [55, 57]. At 2 months, HAp
and BG coated samples depicted more presence of osteoid
surface. The explanation for this improved osseous tissue
regeneration rates adjacent to these coated implants are due to
osteo-proliferative effect of calcium phosphate and BG coating
of Mg implants. As the corrosion of the coated implants
happens relatively slowly, the corrosion products can be safely
eliminated from the body system either through absorption by
the adjacent tissues or local blood circulation which corrobo-
rated the findings of reduced bone growth caused by magne-
sium deficiency [58].

SEM examination during the post-surgical period
demonstrates better amalgamation of material with the host
bone while validating infiltration of osteogenic cells and
ultimately resulting into evidence of mineralized matrix.
There was no visible interfacial gap between the bone and
implant in BMH group. This might be due to invasion of
osteoblasts towards the implant structure. For the BMG
implant, interfacial gap is more pronounced which might be
due to slow invasion of osteoblasts.

Histology of heart, kidney and liver was carried out to
assess whether any changes happen in cellular level or not.
The results established that no apparent pathological lesions
were seen after 2 months of experimentation, indicating safe
degradation of implants in vivo and will not create any
detrimental effects.

Immune reactivity of the animals implanted with the
materials (BM, BMH and BMG) post surgery and normal/
control animals (without any implant) was verified by
quantifying the amount of IL-2, IL-6 and TNF-α cytokine
secretion. Study of host-implant inflammatory response was
monitored for initial 2 months post surgery and the results
showed that at first 2 weeks, amount of IL-2, IL-6 and TNF-
α cytokine secretion was increased preferably because of
initial host-foreign body reactions but at the end of 8 weeks,
it was comparatively decreased to its baseline quite similar
to control group. Comparing with the positive control
group, three types of materials showed a varied reactivity,
starting from highest response against BM implant followed
by BMG and BMH implant. In the first 2 weeks, con-
centrations of IL-2, IL- 6 and TNF-α were found to be
drastically higher than the control animals, likewise, from
4 weeks up to the end of the experiment (i.e. 8 weeks),
secretions of cytokines (IL-2, IL-6 and TNF- α) were rea-
sonably decreased down to its normal range. Thus, at the
end of 2 months, unlike BM, neither BMG nor BMH
implant materials showed any kind of marked immune
reactions post surgery, in comparison to the control group.

5 Conclusions

Present investigation focuses on development and detailed
characterization of a new Mg–Zn–Ca alloy (BM) with and
without HAp (BMH) and BG (BMG) coating deposited
using air plasma spraying. Electrochemical experiments
demonstrated relatively better corrosion resistance of BMH
and BMG compared to BM. Among the samples, BMG
exhibited lowest Icorr and Ecorr suggesting its superior
in vitro corrosion resistance than BMH. In addition to
improved corrosion resistance, coatings clearly enhanced
the apatite precipitation ability on present Mg alloy sam-
ples. Detailed in vitro cell–materials interaction experiments
demonstrated that both BMH and BMG samples induces
osteogenesis. In vivo trials on mature New Zealand white
rabbits revealed no measurable adverse effects on heart,
kidney and liver and immune response suggesting their
application potential. BMG implants resulted in accelerated
new bone formation, which corroborates our in vitro
observations. Overall, our results show that plasma spraying
of HAp and BG on this new Mg alloys can be effectively
used to control rapid degradation under in vivo conditions.

Acknowledgements The authors would like to express their sincere
thanks and also gratefully acknowledge the supports of Director,
CSIR-CGCRI, and Vice Chancellor, WBUAFS, during the execution
of this work; CSIR (both BIOCERAM and MLP0203) for funding and
all the personnel who rendered their heartfelt association during each
and every characterisation mentioned in the manuscript.

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Rosemann P, Schmidt J, Heyn A. Short and long term degradation
behaviour of Mg-1Ca magnesium alloys and protective coatings
based on plasma-chemical oxidation and biodegradable polymer
coating in synthetic body fluid. Mater Corros. 2013;64:714.

55 Page 18 of 20 Journal of Materials Science: Materials in Medicine (2021) 32:55

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


2. Chang L, Tian L, Liu W, Duan X. Formation of dicalcium
phosphate dihydrate on magnesium alloy by micro-arc oxidation
coupled with hydrothermal treatment. Corros Sci. 2013;72:118.

3. Erdmann N, Angrisani N, Reifenrath J, Lucas A, Thorey F,
Bormann D, et al. Biomechanical testing and degradation analysis
of MgCa0.8 alloy screws: a comparative in vivo study in rabbits.
Acta Biomater. 2011;7:1421.

4. Hänzi AC, Metlar A, Schinhammer M, Aguib H, Lüth TC, Löffler
JF, et al. Biodegradable wound-closing devices for gastrointestinal
interventions: degradation performance of the magnesium tip.
Mater Sci Eng: C. 2011;31:1098.

5. Edwardá Moulton S, DavidáI Misides M, Leonardá Shepherd R,
Georgeá Wallace G. Galvanic coupling conducting polymers to
biodegradable Mg initiates autonomously powered drug release. J
Mater Chem. 2008;18:3608.

6. Song GL, Atrens A. Corrosion mechanisms of magnesium alloys.
Adv Eng Mater. 1999;1:11.

7. Polmear IJ. Light alloys: metallurgy of the light metals. 2nd ed.
London, England: Edward Arnold; 1989.

8. Liu M, Uggowitzer PJ, Nagasekhar AV, Schmutz P, Easton M,
Song G-L, et al. Calculated phase diagrams and the corrosion of
die-cast Mg-Al alloys. Corros Sci. 2009;51:602.

9. Sun Y, Zhang B, Wang Y, Geng L, Jiao X. Preparation and
characterization of a new biomedical Mg-Zn-Ca alloy. Mater Des.
2012;34:58.

10. Datta MK, Chou D-T, Hong D, Saha P, Chung SJ, Lee B, et al.
Structure and thermal stability of biodegradable Mg-Zn-Ca based
amorphous alloys synthesized by mechanical alloying. Mater Sci
Eng: B. 2011;176:1637.

11. Xue D, Yun Y, Schulz MJ, Shanov V. Corrosion protection of
biodegradable magnesium implants using anodization. Mater Sci
Eng: C. 2011;31:215.

12. Wang HX, Guan SK, Wang X, Ren CX, Wang LG. In vitro
degradation and mechanical integrity of Mg-Zn-Ca alloy coated
with Ca-deficient hydroxyapatite by the pulse electrodeposition
process. Acta Biomater. 2010;6:1743.

13. Chen XB, Birbilis N, Abbott TB. A simple route towards a
hydroxyapatite-Mg (OH)2 conversion coating for magnesium.
Corros Sci. 2011;53:2263.

14. Sebaa MA, Dhillon S, Liu H. Electrochemical deposition and
evaluation of electrically conductive polymer coating on biode-
gradable magnesium implants for neural applications. J Mater Sci
Mater Med. 2013;24:307.

15. Li N, Zheng Y. Novel magnesium alloys developed for biome-
dical application: A review. J Mater Sci Technol. 2013;29:489.

16. Avedesian MM, Baker H. ASM specialty handbook: magnesium
and magnesium alloys. Materials Park, Ohio,US: ASM Interna-
tional; 1999.

17. Kirkland NT, Birbilis N, Walker J, Woodfield T, Dias GJ, Staiger
MP. In vitro dissolution of magnesium-calcium binary alloys:
clarifying the unique role of calcium additions in bioresorbable
magnesium implant alloys. J Biomed Mater Res Part B: Appl
Biomater. 2010;95:91.

18. Hanzi AC, Sologubenko AS, Gunde P, Schinhammer M, Uggo-
witzer PJ. Design considerations for achieving simultaneously
high-strength and highly ductile magnesium alloys. Philos Mag
Lett. 2012;92:417.

19. Gunde P, Hanzi AC, Sologubenko AS, Uggowitzer PJ. High-
strength magnesium alloys for degradable implant applications.
Mater Sci Eng: A. 2011;528:1047.

20. Mao L, Wang Y, Wan Y, He F, Huang Y. Effects of Zn on
microstructure and mechanical properties of biomedical Mg-Ca-
Zn alloys. Heat Treat Met. 2009;34:19.

21. Xie X, Wang X, Wang Y, Zhang G, He Y, Zheng Y, et al. Ca-Mg-
Zn metallic glass as degradable biomaterials developed for

potential orthopaedic applications. Bone. 2010;47:S425. https://
doi.org/10.1016/j.bone.2010.09.249.

22. Zberg B, Uggowitzer PJ, Loffler JF. MgZnCa glasses without
clinically observable hydrogen evolution for biodegradable
implants. Nat Mater. 2009;8:887.

23. Park RS, Kim YK, Lee SJ, Jang YS, Park IIS, Yun YH, et al.
Corrosion behavior and cytotoxicity of Mg-35Zn-3Ca alloy for
surface modified biodegradable implant material. J Biomed Mater
Res Part B: Appl Biomater. 2012;100:911.

24. Pan Y, He S, Wang D, Huang D, Zheng T, Wang S, et al. In vitro
degradation and electrochemical corrosion evaluations of microarc
oxidized pure Mg, Mg-Ca and Mg-Ca-Zn alloys for biomedical
applications. Mater Sci Eng: C. 2015;47:85

25. Baino F, Verne E. Glass-based coatings on biomedical implants: a
state-of-the-art review. Biomed Glasses. 2017;3:1.

26. Zheng Y, Gu X, Witte F. Biodegradable metals. Mater Sci Eng: R:
Rep. 2014;77:1.

27. Yin Z-Z, Qi W-C, Zeng R-C, Chen X-B, Gu C-D, Guan S-K, et al.
Advances in coatings on biodegradable magnesium alloys. J
Magnes Alloy. 2020;8:42.

28. Rojaee R, Fathi M, Raeissi K. Controlling the degradation rate of
AZ91 magnesium alloy via sol-gel derived nanostructured
hydroxyapatite coating. Mater Sci Eng: C. 2013;33:3817.

29. Noorakma ACW, Zuhailawati H, Aishvarya V, Dhindaw BK.
Hydroxyapatite-coated magnesium-based biodegradable alloy:
Cold spray deposition and simulated body fluid studies. J Mater
Eng Perform. 2013;22:2997.

30. Kannan MB, Wallipa O. Potentiostatic pulse-deposition of cal-
cium phosphate on magnesium alloy for temporary implant
applications—an in vitro corrosion study. Mater Sci Eng: C.
2013;33:675.

31. Yang Y, Zheng K, Liang R, Mainka A, Taccardi N, Roether JA,
et al. Cu-releasing bioactive glass/polycaprolactone coating on Mg
with antibacterial and anticorrosive properties for bone tissue
engineering. Biomed Mater. 2017;13:015001.

32. Ostrowski N, Lee B, Enick N, Carlson B, Kunjukunju S, Roy A,
et al. Corrosion protection and improved cytocompatibility of
biodegradable polymeric layer-by-layer coatings on AZ31 mag-
nesium alloys. Acta Biomater. 2013;9:8704.

33. Kaabi Falahieh Asl S, Nemeth S, Tan MJ. Novel biodegradable
calcium phosphate/polymer composite coating with adjustable
mechanical properties formed by hydrothermal process for cor-
rosion protection of magnesium substrate. J Biomed Mater Res
Part B: Appl Biomater. 2016;104:1643.

34. Keim S, Brunner JG, Fabry B, Virtanen S. Control of magnesium
corrosion and biocompatibility with biomimetic coatings. J
Biomed Mater Res Part B: Appl Biomater. 2011;96:84.

35. Zhao Y-B, Shi L-Q, Cui L-Y, Zhang C-L, Li S-Q, Zeng R-C, et al.
Corrosion resistance of silane-modified hydroxyapatite films on
degradable magnesium alloys. Acta Metall Sin. 2018;31:180.

36. Kundu B, Soundrapandian C, Nandi SK, Mukherjee P, Dandapat
N, Roy S, et al. Development of new localized drug delivery
system based on ceftriaxone-sulbactam composite drug impreg-
nated porous hydroxyapatite: a systematic approach for in vitro
and in vivo animal trial. Pharm Res. 2010;27:1659.

37. Kokubo T. Formation of biologically active bone-like apatite on
metals and polymers by a biomimetic process. Thermochim Acta.
1996;280:479.

38. Landi E, Tampieri A, Celotti G, Sprio S. Densification behaviour
and mechanisms of synthetic hydroxyapatites. J Eur Ceram Soc.
2000;20:2377.

39. Canham LT, Reeves CL, Loni A, Houlton MR, Newey JP,
Simons AJ, et al. Calcium phosphate nucleation on porous silicon:
factors influencing kinetics in acellular simulated body fluids.
Thin Solid Films. 1997;297:304

Journal of Materials Science: Materials in Medicine (2021) 32:55 Page 19 of 20 55

https://doi.org/10.1016/j.bone.2010.09.249.
https://doi.org/10.1016/j.bone.2010.09.249.


40. Li L, Gao J, Wang Y. Evaluation of cyto-toxicity and corrosion
behavior of alkali-heat-treated magnesium in simulated body fluid.
Surf Coat Technol. 2004;185:92.

41. Rude RK, Gruber HE, Norton HJ, Wei LY, Frausto A, Kilburn
J. Dietary magnesium reduction to 25% of nutrient requirement
disrupts bone and mineral metabolism in the rat. Bone.
2005;37:211.

42. Brar HS, Platt MO, Sarntinoranont M, Martin PI, Manuel MV.
Magnesium as a biodegradable and bioabsorbable material for
medical implants. JOM. 2009;61:31.

43. Zhang F, Cai S, Xu G, Shen S, Li Y, Zhang M, et al. Corrosion
behavior of mesoporous bioglass-ceramic coated magnesium
alloy under applied forces. J Mech Behav Biomed Mater.
2016;56:146.

44. Liu H. Biodegradation and mechanical performance of
magnesium-based implants. In: 9th World Biomaterials Con-
gress, Chengdu, China. NY, USA: Curran Associates, Inc.;
2012. p. 357.

45. Yang J, Cui F-Z, Lee IS, Wang X. Plasma surface modification of
magnesium alloy for biomedical application. Surf Coat Technol.
2010;205:S182.

46. Liao C-J, Lin F-H, Chen K-S, Sun J-S. Thermal decomposition
and reconstitution of hydroxyapatite in air atmosphere. Bioma-
terials. 1999;20:1807.

47. Song G, Atrens A, Dargusch M. Influence of microstructure on
the corrosion of diecast AZ91D. Corros Sci. 1998;41:249.

48. Zeng R-C, Cui L-Y, Jiang K, Liu R, Zhao B-D, Zheng Y-F. In
vitro corrosion and cytocompatibility of a microarc oxidation
coating and poly (l-lactic acid) composite coating on Mg-1Li-
1Ca alloy for orthopedic implants. ACS Appl Mater Interfaces.
2016;8:10014.

49. Ducheyne P, Qiu Q. Bioactive ceramics: the effect of surface
reactivity on bone formation and bone cell function. Biomaterials.
1999;20:2287.

50. Kumari TV, Vasudev U, Kumar A, Menon B. Cell surface
interactions in the study of biocompatibility. Trends Biomater
Artif Organs. 2001;15:37.

51. Gray J, Luan B. Protective coatings on magnesium and its alloys
—a critical review. J Alloy Compd. 2002;336:88.

52. Yamamoto A, Hiromoto S. Effect of inorganic salts, amino acids
and proteins on the degradation of pure magnesium in vitro. Mater
Sci Eng: C. 2009;29:1559.

53. Altun H, Sen S. Studies on the influence of chloride ion
concentration and pH on the corrosion and electrochemical
behaviour of AZ63 magnesium alloy. Mater Des. 2004;
25:637.

54. Ahn S, Lee J, Kim J, Han J. Localized corrosion mechanisms of
the multilayered coatings related to growth defects. Surf Coat
Technol. 2004;177:638.

55. Witte F, Kaese V, Haferkamp H, Switzer E, Meyer-Lindenberg A,
Wirth C, et al. In vivo corrosion of four magnesium alloys and the
associated bone response. Biomaterials. 2005;26:3557.

56. Li Z, Gu X, Lou S, Zheng Y. The development of binary Mg–Ca
alloys for use as biodegradable materials within bone. Biomater-
ials. 2008;29:1329.

57. Yang J, Cui F, Lee I, Zhang Y, Yin Q, Xia H, et al. In
vivo biocompatibility and degradation behavior of Mg alloy
coated by calcium phosphate in a rabbit model. J Biomater Appl.
2012;27:153.

58. Rude R, Gruber H, Wei L, Frausto A, Mills B. Magnesium
deficiency: effect on bone and mineral metabolism in the mouse.
Calcif Tissue Int. 2003;72:32.

55 Page 20 of 20 Journal of Materials Science: Materials in Medicine (2021) 32:55


	Role of calcium phosphate and bioactive glass coating on in�vivo bone healing of new Mg&#x02013;nobreakZn&#x02013;nobreakCa implant
	Abstract
	Introduction
	Materials and methods
	Fabrication of samples
	Sample preparation
	Feedstock powder and coating characterization
	Electrochemical corrosion test
	SBF immersion test
	In vitro biocompatibility assessments
	Cell culture procedure
	Cell viability assay
	Cell proliferation by alamar blue (AB) assay
	Alkaline phosphatase (ALP) assay
	Cellular morphology
	Gene expression by real-time RT-PCR
	Mineralization assay by alizarin red S (ARS) staining
	In vivo biocompatibility studies
	Surgical procedure
	Postoperative clinical examinations
	Radiological examinations
	Histological study
	Scanning electron microscopy study
	Fluorochrome labelling study
	Toxicological study
	Immunocompatibility study
	Statistical analysis

	Results
	Material characterization
	Substrate characterization
	Powder characterization
	Coating characterization
	Electrochemical properties
	SBF immersion test
	In vitro biocompatibility assessments
	Cell morphology
	In vivo studies
	Bone histology
	Fluorochrome labelling study
	SEM of bone&#x02013;nobreakimplant interface
	Radiology
	Toxicity study of vital organs
	Heart
	Kidney
	Liver
	In vivo immune response

	Discussion
	Conclusions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




