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Magnesium (Mg) is an essential trace element that has a significant role in the human body
through its effects on bone metabolism. It has various applications in orthodpaedics and
dentistry and the interest of this systematic review lies in its potential role as a dental implant
surface coating. The dental implants can fail at different stages starting with its
osseointegration phase to the restorative stage in the oral cavity. The biological loss of
bone integration to the implant surface has been classified as one of the primary reasons
for dental implant failure. There have been numerous strategies that have been shown to
compensate this reason for implant failure, among which are the dental implant surface
coatings. These coatings have been shown to improve the enhance the adhesion as well
as the process of osseointegration. There are numerous studies in the existing literature
that have analyzed the effects of Mg-based coatings on cellular as well as biological
processes in bone-implant integration. A systematic search of various databases yielded
175 articles, of which 14 in vitro and experimental animal studies that analyzed the effect of
Mg-based coatings and compared it to other coatings or no surface coatings were
included in this systematic review. The main outcomes of this systematic review have been
cellular behavior, osseointegration, and osteogenic markers and the effects of Mg-based
coatings in these parameters have been highlighted in this review.

Keywords: magnesium, dental implant surface coating, osseointegration, osteogenic markers, hydroxyapatite

INTRODUCTION

Titanium (Ti) and its alloys have become the mainstay biomaterials for dental implants for their
mechanical properties and excellent biocompatibility. But, these metals can get corroded in a
biological environment and toxic reactions may occur (Tschernitschek et al., 2005; Niinomi, 2008).
Zirconia (Zir) implants were extensively used for their increased corrosion resistance, good
biocompatibility, favorable esthetic and good mechanical properties. Even though both materials
have load-bearing applications with their unique properties, the main challenge in implant dentistry
remains to be osseointegration. Dental implants of both metal and ceramic materials are prone to
failure due to insufficient integration to bone. It may result in the formation of a fibrous tissue or
weak bone formation that may cause infections or unstable implants prone to surgical removal (Best
et al.,, 2008; Liang et al., 2007; Brohede et al., 2009).

Frontiers in Materials | www.frontiersin.org

1 November 2021 | Volume 8 | Article 754697


http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2021.754697&domain=pdf&date_stamp=2021-11-01
https://www.frontiersin.org/articles/10.3389/fmats.2021.754697/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.754697/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.754697/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.754697/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.754697/full
http://creativecommons.org/licenses/by/4.0/
mailto:ahalmehmadi@kau.edu.sa
https://doi.org/10.3389/fmats.2021.754697
https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2021.754697

Almehmadi

In present day implantology, osseointegration is well-
researched and predictable but it is also reliant on the case
selection and the surgical procedure or loading protocol based
on the stage of failure despite the successful clinical outcomes of
dental implants (Albrektsson, 1998). The literature suggests that
there are two mechanisms by which surface modifications on
implants can influence osseointegration and they include: 1)
biomechanical interlocking where there is bone growth into
the rough surface of the implant and 2) biochemical
interaction and bonding at the tissue-implant junction
(Albrektsson and ~ Wennerberg, 2004). For enhanced
osseointegration, three factors have to be considered and they
include 1) Improving macro-retentive features in dental implants
such as screw/thread design or solid body press fit, and sintered
bead technologies, 2) Improving micro-retentive features such as
“surface roughness” of the implant to favor cellular and molecular
mechanisms for bone growth along the implant surface, and 3)
Surface modification that results in a topography favorable for the
differentiation of cells that enable an osseous interface on the
surface of implants (Stanford, 2008).

Surface coatings on titanium and zirconia dental implants
offer the best approach to improving the rate of implant-bone
integration and enhancing adhesion to other materials in
restorations. It offers dual Dbenefits with improved
micromechanical retention and alteration of the surface
chemistry for activation of biological processes that favor
bone growth (Ying Kei Lung, 2017). There are various
techniques that can be used to generate a surface coating on
dental implants and they include plasma spraying, sol-gel
processing, grit blasting, sand blasting with acid etching,
laser etching, ion implantation and sputtering. There is
consistent research with both plasma spraying and acid
etching techniques (Jemat et al., 2015). Some of the
materials that can be coated on the implant surface include
hydroxyapatite (HA), ceramics, calcium phosphate, bioactive
glass, and fluoride. Grit blasting and sol-gel techniques
promote adhesion to restoration whereas materials like
bioactive glass and HA promote osseointegration (Lung and
Matinlinna, 2012; CattaniLorente et al., 2010; Hench, 2002;
Darimont et al,, 2002). The downside of materials like
bioactive glass and HA include poor mechanical strength,
brittleness, and bacterial infections around implants, so the
quest for newer biomaterials is on the rise with research targets
on materials having antibacterial activity, improving
osseointegration outcomes that in turn can translate into
long-term clinical success (Ying Kei Lung, 2017).

The alteration of implant surface chemical characteristics
comprises a more significant approach in improving the
biological activity of dental implants and trace elements like
calcium, zinc, silicon, magnesium, and strontium have been
commonly used as surface coatings for dental implants
(Sawada et al.,, 2013; Hass et al,, 2012; Yu et al.,, 2013; Park
et al., 2010; Shi et al., 2012). Various studies have shown their
positive influence on osteoblastic activity and enhance bone
growth along with improved bone healing (Boanini et al,
20105 Castellani et al., 2011; Hoppe et al, 2011). Magnesium
(Mg) is the fourth most abundant cation in the human body and

Magnesium Coatings for Dental Implants

with the total physiologic Mg, half of it being stored in
mineralized bone tissue (Staiger et al., 2006). Magnesium has
been shown to play a critical role in bone metabolism and it can
interact with integrins on the surface of osteoblasts, thereby
promoting its cell stability and adhesion properties (Zreiqat
et al., 2002; Yamasaki et al., 2002).

There are numerous studies in the existing literature that have
shown the effects of magnesium coatings on titanium or zirconia
implants but there is a lack of a systematic approach towards the
reporting of its properties with respect to cell bioactivity,
osseointegration, or bone regeneration. Thus, the aim of this
systematic review was to collate the evidence on magnesium
coatings on titanium or zirconia implants, comparisons with
conventional or no surface coatings, and to analyze its effects
on outcomes like cell behavior, osseointegration, and markers of
osteogenesis.

MATERIALS AND METHODS

According to the Preferred Reporting Items for Systematic
Reviews and Meta Analyses (PRISMA) guidelines, the focused
question was constructed in the Population Intervention Control
Qutcomes (PICO) format and it was What is the effect of
magnesium-based coatings in Ti or Zir implants on
osseointegration, bioactivity, and markers of osteogenesis.

Literature Search

A combination of keywords like “dental implant”, “magnesium”,
“implant coatings, and “osseointegration” were used in an
electronic search in databases like Pubmed/Medline, Embase,
Google Scholar, and Cochrane library. The search was performed
using the PICO format and it was performed individually for the
keywords and combined with “and” and “or” terms.

Pubmed/Medline: Search: (dental implant) or (titanium
implant) or (zirconia implant) or (Ti dental implant) or
(dental implant surface coating) or (surface coating) and
(magnesium) or (magnesium oxide) or (magnesium
carbonate) or (magnesium fluoride) or (magnesium based
surface coating) and (ceramics) or (bioactive glass) or
(fluoride) or (ceramics) or (hydroxyapatite) or (calcium
phosphate) and (cell adhesion) or (cell proliferation) or
(cell differentiation) or (bioactivity) or (osteoblast) or
(fibroblast) or (osseointegration)

A manual search was performed to include articles that were
relevant to the topic of the systematic review. The bibliographies
from the full-texts of the articles were manually searched for
relevant articles to be included in this review. The search timeline
included articles where the focus question was addressed and it
was between the years 2000 and 2019.

Eligibility Criteria

This systematic review aimed to analyze the effects of
magnesium-based implant coatings on osseointegration and
bone regeneration at cellular level, so animal and in vitro
studies were included in the search along with studies that
were conducted in humans that had observed the desired
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FLOW CHART OF INCLUSION OF STUDIES IN THE SYSTEMATIC REVIEW PROCESS

Potentially relevant articles identified
from electronic search of PUBMED.
N=165

Poftentially relevant articles identified
from electronic search of other
databases. N=10

Articles after duplicates
removed.
N=6

Articles excluded al
evaluation of title and

_ ] -

articles identified
and screened for
retrieval.

articles.

N=22
Articles excluded "
assessment of full text —) l
N=8

Potentially appropriate
articles retrieved to be

included for detailed
evaluation.
N=14

FIGURE 1 | Flowchart of search methodology and inclusion of studies in the systematic review.

outcomes. Only articles published in English language were
included in this review. The exclusion criteria included articles
which had no relevance to dentistry and only to orthopedic
applications, reviews, and letters to the editor. Also, articles
that observed the outcome measures in non-titanium materials
like magnesium implants and the coatings were excluded from
this review. The focused question was used to analyze the
included studies and the relevant information on outcome
measures were extracted. A flowchart has been depicted on the
search methodology employed in this systematic review
(Figure 1).

Data Extraction

Two independent reviewers (XX, YY) conducted the literature
search employing the keywords and MeSh terms, following which
the articles were analyzed based on the eligibility criteria. If there
was disagreement on the inclusion of certain articles, a discussion
was held to resolve it. In instances where a study did not report
raw data relevant to the outcome measures, the data was extracted
from either the tables or graphical representations in the study.
The corresponding authors were contacted to solve doubts or
provide missing information relevant to the systematic review.
The data extraction tables have been  attached
(Supplementary file).

Risk of Bias Assessment of Included
Studies

The quality assessment for each animal study was carried out
using the SYRCLE’s RoB tool that has 10 items and two
independent authors (XX, YY) performed risk assessment

across the following categories: Sequence generation, allocation
concealment, blinding of investigators and outcome assessors,
random housing for animals, selective reporting of outcome
measures, addressing incomplete outcome, and other potential
risks for bias. The risk was categorized either as “high-risk”, “low-
risk” or “unclear risk” (Hooijmans et al, 2014). A third
independent author (ZZ) resolved any disagreements on risk
assessment with a discussion. In the existing literature, there are
no tools or indices for the validation of in vitro studies and the
risk of bias is quite low due to its position in the hierarchy of
evidence-based dentistry (Richards, 2009).

RESULTS

Search Results

The systematic search of the literature yielded a total of 175
articles of which 22 articles were identified to be satisfying the
eligibility criteria. The manual search of relevant journals and
bibliography yielded two articles that were included in this
systematic review. Some articles were excluded after full text
assessment and a total of 14 articles were included for evaluation
in this review. Among the included articles, nine were in vitro
studies (Gorrieri et al., 2006; Jiang et al., 2014; Mihailescu et al.,
2016; Onder et al., 2018; Pardun et al., 2015; (Park et al., 2013;
Won et al, 2017; Yu et al, 2017; Xie et al., 2009), four
experimental animal models (Sul et al., 2006; Cho et al., 2010;
Li et al., 2014; Tao et al,, 2016) and one study was part animal
model and part in vitro design (Zhao et al, 2013). The
characteristics and the main outcome measures of the
included studies have been shown in (Table 1).
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TABLE 1 | Characteristics and Main outcome of Included Studies.

S. Author and Type of

NO year study

1 Gorrierietal.  In vitro
(2008)

2 Sul et al. Animal study-
(2006) New Zealand White

Rabbits (n = 10)

3 Cho et al. Animal study-

(2010) New Zealand White

Rabbits (n = 24)

4 Jiang et al. In- vitro

(2014)

Type of
implant

1. Rectangular Ti test
specimens
(13 x 4 x 0.5 mm)

2. Ti implants
(183 x 4 x 1 mm)

3. Ti mini implants
(11 x 3mm)

1. Control group- Machine
turned implants (n = 10)

2. Test group- Magnesium
ion-incorporated
oxidised implants
(n =10)

1. Control- Screw-type
RBM implant (8.3 x
3.8mm) (n = 24)

2. 3 Test groups-
Differential Mg ion
dosage a. Mg-1
(Concn-9.24%) (n = 24)
b. Mg-2 (Concn-
10.13%) (n = 24) c. Mg-
3 (Concn-11.74%)

(n =24)

-

. Commercially pure
Grade 2 Ti plates a.
Mg30 (30 min plasma
immersion) b. Mg 60
(60 min plasma
immersion)

Surface coating

Calcium magnesium
carbonate- Sand blasting

Magnesium oxide- Micro-
arc oxidation process

Resorbable blasting
materials (RBM)-
Hydroxyapatite, Beta-
tricalcium phosphate

Magnesium- Plasma
immersion ion-
implantation method

Histometric/micro-ct
analysis

Osteogenic markers
and cell bioactivity

Alkaline phosphatase activity
assay- increased in sandblasted
implants but not significant
Fluorescence phallodin staining
Sand-blasted surface:

MGB3 osteoblast-like cell
exhibit spindle-shaped
morphology with irregular
surface. Actin expression was
localized suggestive of
migration front

No sandblasting: Polygonal
morphology with prevalent
actin sub-membrane
expression

Osseointegration speed
between 3 and 6 weeks: Test
Mg implants- 2.5 Ncm/week
Control Machine turned
implants- 2.0 Ncm/week
(p-value<0.005)

Removal Torque value: Mg-1
implants higher RTQ value
when compared to Mg-2 and
control implants. (p < 0.05)
Bone-Implant contact values:
Highest- Mg-1 (36.1 +
12.3%) Lowest-Mg-2 (26.2%
%+10.1%) (p < 0.05) Bone Fill
Area: Mg-1 (74.1 + 12.3%)
Mg-2 (58.1 + 24.1%) Mg-3
(72.4 + 11%) Control (63.3 +
18.3%) (p < 0.05) New bone
formation: Mg-1 (510.8% +
167.2 pm) Other groups
(330-370 um) (p = 0.109)

Rat bone marrow
mesenchymal stem cells

Cell morphology and
proliferation

Cells exhibited spindle-shaped
morphology with actin filaments
showing improved spread on
Mg-treated Ti surface,
especially in Mg 60 group
ALP activity

Increased activity in Mg-treated
surfaces and it was significantly
higher in Mg60 group

Highest expression of
Osteocalcin (OCN) and
Osteopontin (OPN) in Mg60
group

Western blot analysis

Protein expression of ALP,
OCN, and OPN was highest in
Mg60 group compared to
other groups

Upregulation of osteogenic
differentiation-related genes
like ALP, OPN, and OCN.

(Continued on following page)
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TABLE 1 | (Continued) Characteristics and Main outcome of Included Studies.

S. Author and

NO year

5 Li et al.
(2014)

6 Mihailescu
et al. (2016)

7 Onder et al.
(2018)

Type of Type of

study implant
Animal study- 1. Rod-shaped Tiimplants
Ovariectomized rats (12 x 1.1 mm) (n = 36) and
(n=18) Ti discs (Diameter-9 mm)

(n = 12) a. Magnesium-
incorporated HA (MgHA)
coating b. HA coating

1. Bovine derived HA
(BHA) coating
2. BHA:MgF2
3. BHA:MgO

In vitro study

In vitro study 1. Titanium Grade Il plates

a. Low (Mg < 10 at%; MgL
b. High (Mg > 10 at%; MgL

2. Ti plates

3. Ti nitride plates

Surface coating

MgHA) and HA coating
on implant using Sol-gel-
dip-coating method

MgF2 or MgO- Pulsed
laser deposition

Mg- Arc-PVD technique

Magnesium Coatings for Dental Implants

Histometric/micro-ct
analysis

Osteogenic markers
and cell bioactivity

Bone Area ratio a. MgHA =
36.76% b. HA = 27.26%
(o < 0.01)

Bone implant contact a.
MgHA = 52.57% b. HA =
34.06% (p < 0.01)
Micro-CT analysis
Trabecular bone architecture
and osseointegration was
significantly improved with
MgHA compared to HA
group

Epithelial cells type 2 (HeP-2).
Cell viability: Human Genes of
arrestin beta 1 (ARRB1),
mannosidase alpha class 2B
(MAN2B1), and transient
receptor potential channel 1
(TRPC1) expression
increased in the following
order: BHA > BHA:MgF2
>BHA:MgO. Antimicrobial
activity BHA:MgO and BHA:
MgF2 exhibit 4 times higher
anti-bacterial activity against
the tested strains:
Enterococcus sp. Candida
albicans Micrococcus sp

Rat bone-marrow-derived
stem cells Cell proliferation: All
surfaces supported cell
attachment and proliferation
and it was observed on day
1,5, and 8. Cell numbers
increased on all the surfaces for
first 5 days. At day 8, cell
numbers decreased in Ti and
TiN, whereas it continued to
remain constant or increased for
magnesium doped Ti implants
Collagen deposition: More
Type | collagen was deposited
on TiN and Mg-doped
implants (Low). The
deposition decreased when
Mg content was increased.
ALP activity At day 5, activity
was lowest with Ti implants
and highest on Mg-doped Ti
implants (Low). Mg-doped Ti
implants (High) ALP activity
was significantly lower than
that of the low counterpart at
day 5
Cell density and
mineralization: Higher on Mg
containing surfaces. Calcium
deposition: Was higher with
Mg-containing surfaces
(Continued on following page)
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TABLE 1 | (Continued) Characteristics and Main outcome of Included Studies.

S. Author and Type of Type of
NO year study implant
8 Pardunetal.  In vitro study 1. Yttria-stabilized zirconia
(2015) and HA incorporated with
MgO or MgF2

2. TZCP, Thermanox-
Reference samples

9 Park et al. In-vitro 1. Titanium-Grade Il discs
(2013) (12 mm, 25 mm diameter/
1 mm thickness) a. TiS-
Non-coated Ti surface b.
Ti-Mg- Ti coated with Mg
c. Ti-MgHA- Ti surface
coated with Mg and HA.

10 Taoetal Animal study- Spraque 1. Titanium implants (20 x
(2016) Dawley rats (n = 50) a. 1 mm) a. Pure HA coating
Ovariectomy (n = 45) b.  b. HA incorporated with
Sham operation (n-5) 10% Zinc, Mg, and
Strontium. i) ZnHA i)
MgHA i) SrtHA

Surface coating

MgO or MgF2-Wet
powder spraying

Mg coating- Direct
current magnetron
sputtering. MgHA-
Radiofrequency
magnetron sputtering

Electrochemical
deposition for coatings

Magnesium Coatings for Dental Implants

Osteogenic markers Histometric/micro-ct
and cell bioactivity analysis

Human osteoblasts (HOB)
Cell proliferation: Higher in
Mg-coatings with constant
increase of formazan over

9 days. Reference samples
had the lowest activity

Cell differentiation: ALP
activity was increased in all
samples and it was reduced in
TZCP and increased in
Thermanox. Cell growth,
morphology, and spreading.
TZCP- round morphology
Thermanox- Flat and
extensively spread. Mg-
containing coating- Flat cells
and spread extensively.
Highest cell viability, ALP
activity, and cell number in
Thermanox. Similar results in
Mg-containing surfaces

Mouse MC3T3-E1 cells

Cell proliferation: Ti-Mg and
Ti-MgHA had higher
proliferation rate of 112 and
124% respectively when
compared to Ti-S (p > 0.05)
ALP activity: Cells on Ti-Mg
and Ti-MgHA showed
50-60% higher ALP activity
than those on Ti-S (p < 0.05)
Osteogenic markers: Bone
sialoprotein (BSP)- mRNA
expression increased 1.8 and
2.1-fold in Ti-Mg and Ti-MgHA
respectively. Osteocalcin
(OCN) mRNA expression
increased 1.5 and 1.4-fold in
Ti-Mg and Ti-MgHA
respectively BSP and OCN
expression more than Ti-S
surface

Extracellular matrix: COL-|
gene: There was expression
of this gene in both Ti-Mg and
Ti-MgHA surfaces

MicroCT

Bone volume/total volume:
Sr-HA = 40.2 + 2. Mg-HA =
30.3 + 1.5 Zn-HA = 28.6 +
12HA=238+12

Bone area ratio: At 12 weeks,
Increased by Sr-HA = 1.51
fold Mg-HA = 1.28 fold Zn-HA
= 1.28 fold Compared to HA
(o < 0.05)

Bone implant contact: At 12
weeks, Increased by Sr-HA =
1.81 fold Mg-HA = 1.61 fold
Zn-HA = 1.54 fold Compared
to HA (p < 0.05)

(Continued on following page)
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TABLE 1 | (Continued) Characteristics and Main outcome of Included Studies.

S. Author and Type of

NO year study

11 Won et al. In vitro study
(2017)

12 Xie et al. In vitro study
(2009)

13 Yu et al. In vitro study
(2016)

Type of
implant

Surface coating

Plasma immersion ion
implantation method

1. Titanium Surfaces a.
Resorbable Blast Media
(RBM) b. Ca-ion implanted
surface c. Mg-ion
implanted surface

1. Titanium alloy cylinders
(25.4 x25.4mm) (n=2)a.
Magnesium silicate (MS)
coating. b. Grit blasted
and roughened-HA

MS coating- Plasma
spraying method

1. Titanium plates (10 x 10
x 1 mm; 20 x 20 x 1 mm)
2. Titanium cylinders (2 x
7 mm) a. Zn/Mg Plll b. Zn-
Plll c. Mg-Plll d. Ti

Zn/Mg ion co-implanted
Ti- Plasma ion
implantation method

Magnesium Coatings for Dental Implants

Histometric/micro-ct
analysis

Osteogenic markers
and cell bioactivity

Human bone marrow
Mesenchymal stem cells
(hBM-MSC)

Cell attachment morphology
Mg-ion implanted surface-
Flattened morphology with
wide extracellular membrane
bridge compared to RBM.
Ca ion-implanted surface-
More extended filopodia
compared to RBM and Mg-
ion implanted surface

Cell proliferation

Cell proliferation on all surfaces
significantly increased but
there was no difference
between three surfaces
Osteogenic differentiation
RUNX-2-Higher expression in
Mg-ion implanted surface
COL-Type I: Higher
expression in Mg-ion
implanted surface

QOCN: Lower in Ca-ionimplanted
surface compared to RBM and
Mg-ion implanted surface

ALP activity: Higher in RBM
surface

Canine bone marrow stem
cells

Cell adhesion and
morphology

Polygonal shape with
cytoplasmic processes
adhering to coated surface.
They spread to reach larger
sizes on the coating with
compact bodies and short
cellular extensions. Cells were
closely adherent to coated
surface

Cell proliferation

Number of cells increased
with culture time and similar to
that of HA coating

ALP activity

Remained high whereas HA
coating surface began to
decrease. MSC’s on MS
coating had higher
differentiation level compared
to those of HA.

Rat bone marrow
Mesenchymal stem cells
(BMSC'’s): Cell density and
morphology: Increased cell
density and filopodia
extension in Zn/Mg Plll- can
promote initial adhesion and
spreading. Zn/Mg Plll— Can
upregulate integrin-alphal
and integrin-betal than ZnPIIl
and MgPIIl.

(Continued on following page)
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TABLE 1 | (Continued) Characteristics and Main outcome of Included Studies.

S. Author and
NO year

Type of
study

Type of
implant

14 Zhao et al. In vitro study and Animal 1. Screw titanium implants

(2013) study New Zealand (8 x 4.1 mm) (n = 30) 2. (EDHA) or Mg-substituted
White Rabbits (n = 15) Titanium plates (25 mm x  HA (EDMHA)-
1.5mm)(n=12);(10x 10  Electrochemical
x 1 mm) (n =72) a. EDHA  deposition

coatingb. EDMHA coating

In vitro Studies
The in vitro studies included in this systematic review observed the

effects of various magnesium-based coating like calcium magnesium
carbonate, magnesium fluoride (MgF2), magnesium oxide (MgO),
magnesium silicate, HA incorporated with Mg or MgO, zinc and
magnesium co-implanted titanium surface, along with effects of varying
concentrations of Mg on osseointegration or bone regeneration. The
cell lines used in the in vitro studies include human, canine, and rat bone
marrow mesenchymal stem cells (hBM-MSCs, ¢BMSCs, rBMSCs),
MG-63 osteoblast-like cells, MC3T3-E1, Hep-2 epithelial cells, and
human umblical vein endothelial cells (HUVECs) (Gorrieri et al., 2006;
Jiang et al., 2014; Mihailescu et al., 2016; Onder et al., 2018; Pardun et al,,
2015; (Park et al., 2013; Won et al., 2017; Yu et al,, 2017; Xie et al., 2009;
Zhao et al, 2013). The results of the in vitro studies have been

Surface coating

Pure hydroxyapatite

Magnesium Coatings for Dental Implants

Osteogenic markers
and cell bioactivity

Cell viability: Higher with Zn/
MgPIll. Osteogenic markers:
RUNX-2, OCN, OPN, ALP was
higher with Zn/MgpPIll.
Concomitant protein levels of
ALP, OCN were significantly
enhanced than other three
surfaces. Human Umblical Vein
Endothelial cells (HUVECS) Zn/
MgPIlland MgPIllimproved the
viability of HUVECs

Zn/MgPIIl Increased
expression of VEGF (Vasuclar
endothelial growth factor) and
KDR (kinase domain receptor)
with increased protein
expression of Hypoxia-
inducible factor (HIF-1alpha)

Antibacterial: P gingivalis, F
nucleatum, Strep. Mutans. Zn/
MgPIll and ZnPIll surfaces had
the highest inhibitory rates with
bacteria counting method
compared to MgPIIl. (o < 0.01)

Mouse MC3T3-E1
preosteoblasts

Cell growth

Significantly more viable cells
were found on EDMHA
coated surface than EDHA
(p = 0.02) at 7 days of culture

Histometric/micro-ct
analysis

Bone implant contact (%) At 2
weeks: EDMHA group:
61.77 + 8.53 EDHA: 44.17 +
12.35 (p = 0.086) Bone area
(%) At 2 weeks: EDMHA
group: 40.30 + 10.67 EDHA:
38.39 + 23.25 (p = 0.831)

ALP activity

EDMHA group: 0.78 +
0.13 nmol/ug/h

EDHA

0.41 + 0.1 nmol/ug/h (o =
0.004)

OCN levels

EDMHA group: 116.42 +
7.64 ng/mg

EDHA

94.7 +13.1 ng/mg (p = 0.004)

summarized in (Table 2) and analysis of individual outcomes have
been explained below.

Cellular Morphology

A total of six out of ten included in vitro studies observed the
effect of Mg-based coatings on the cellular morphology of either
pre-osteoblasts or bone marrow mesenchymal stem cells. The
cells were either spindle-shaped or flattened in morphology with
filopodia extensions and actin localization for the promotion of
initial adhesion and spreading (Gorrieri et al., 2006; Jiang et al.,
2014; Pardun et al., 2015; Won et al,, 2017; Yu et al., 2017). An
exception was the study conducted by Xie et al, where the
observed cells were polygonal in shape with compact bodies
and short cellular extensions (Xie et al., 2009).
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TABLE 2 | Summary of results of in vitro studies observed for main outcome measures in Magnesium-based coatings.

S. Author, year/ Type of Cell morphology Cell
No Cell type coating proliferation
1 Gorrieri et al. Calcium Mg Spindle-shaped and -
(2006)/MG63- carbonate actin expression was
Osteoblast like localized
cells
2 Jiang et al. Mg30 Spindle-shaped -
(2014)/rBMSCs Mg60* Spindle-shaped with -
actin filaments
3 Mihailescu et al. BHA MgF2* - -
(2016)/Hep-2
epithelial cells
BHA MgO - -
4 Onder et al. Low Mg%* - T
(2018)/rBMSCs High Mg% - T
5 Pardun et al. MgO Flat cells and spread T
(2015)/Human extensively
Osteoblast MgF2 Flat cells and spread T
extensively
6 Parketal. (2013)/  Ti-Mg - T
MC3T3-E1 cells  Ti-MgHA* - T
7 Wonetal. (2017)/  Mg-ion Flattened cells with wide T
hBM-MSCs implanted extracellular membrane
surface bridge
8 Xie et al. (2009)/ Mg silicate Polygonal shape with T
cBMSCs compact bodies and
short cellular extension
9 Yuetal (2016)/  Zn-MgPIll* Increased cell density T
rBMSCss and filopodia extension
promoting initial
adhesion and spreading
MgPIll Increased cell density T
and filopodia extension
promoting initial
adhesion and spreading
10 Zhao et al. EDMHA - T
(2013)/MC3T3-
E1 cells

Cellular Proliferation
In this systematic review, a total of seven out of ten included

studies observed the effect of Mg-based coatings on cellular
proliferation and found that there was a substantial increase in
proliferation in the studied cell-lines. The surface coatings include
MgO, MgF2, MgHA, Mg-ions, Zn-Mg co-implanted, and
magnesium silicate. There was a relatively higher increase in
surface coatings that include MgHA, Low Mg concentration, and
Zn-Mg co-implanted surfaces when compared to their respective
control groups (Onder et al., 2018; Pardun et al., 2015; Park et al,,
2013; Won et al., 2017; Yu et al., 2017; Xie et al., 2009; Zhao et al.,
2013).

Osteogenic Markers

All the included studies in the systematic review observed the
expression of osteogenic markers using polymerase chain
reaction and the markers include: 1) alkaline phosphatase

Osteogenic markers Collagen Anti-

ALP OCN OPN BSP ARB-1/ RUNX coL-i Pacterial
MAN2B1 2 activity
T - - - - - -
T - - - - - - -
(T N S - - - -
- 1 - - 1
- 1 - - 1
T - - 1 -
- - - 1 -
T - - - - - - -
T - - - - - - -
(A . - - 1 -
T - - - 1 -
(R N - 1 1 -
T - - - - - - -
(RS 1 - 1
(R 1 - 1
(S S - - - -
(ALP), osteocalcin (OCN), Osteopontin (OPN), bone

sialoprotein (BSP), arrestin beta-1 (ARB-1), mannosidase
alpha class-2B  (MAN2B-1), and runt-related transcription
factor-2 (RUNX-2). The observed osteogenic markers were
significantly elevated with the Mg-based coatings analyzed in
the respective studies (Gorrieri et al., 2006; Jiang et al., 2014;
Mihailescu et al., 2016; Onder et al., 2018; Pardun et al., 2015;
Park et al., 2013; Won et al., 2017; Yu et al., 2017; Xie et al., 2009;
Zhao et al., 2013).

Collagen Deposition

In three in vitro studies, the deposition of collagen type-I was
significantly increased with Ti-Mg, MgHA, Mg-ion implanted
surfaces with varying concentrations. There was significant
increase with Low Mg% (9.24%) when compared to High Mg
%, and also in Mg-HA group on comparison with Ti-Mg group
(Onder et al., 2018; Park et al., 2013; Won et al.,, 2017).
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Anti-Bacterial Activity

Two in vitro studies observed the anti-bacterial effect of Mg-
based coatings with one study examining bovine-derived HA
(BHA) with MgO or MgF2 and the other study observing Mg and
Zn-Mg co-implanted Ti surfaces. Yu et al., showed that Zn-Mg
co-implanted surfaces had the highest antibacterial effect against
microbes like Porphyromonas gingivalis, Fusobacterium
nucleatum, and Streptococcus mutans when compared to only
Mg-incorporated surfaces (Yu et al., 2017). Mihailescu et al,
observed that both BHA:MgO and BHA:MgF2 had 4 times higher
inhibitory activity against strains of Enterococcus sp, Micrococcus
sp, and Candida albicans (Mihailescu et al., 2016).

Animal Experiments
In the animal-model experimental study conducted by Sul et al,,
on NZ white rabbits, the osseointegration speed was compared
between Mg-ion incorporated oxidized implants and non-coated
machine turned implants. There was highly significant difference
in the speeds between the test and Mg-ion groups at 3 and 6 weeks
with p-value<0.005 and also notable differences in the strengths
favoring the Mg-ion group during the same follow-up intervals
(Sul et al., 2006). Cho et al., observed the effects of differential
concentrations of Mg-ions as surface coating and observed that
Mg-1 implants (Mg concentration-9.24%) had the highest
removal torque values (RTQ) when compared to the other
groups as well as the highest bone-implant contact (BIC)
values, bone fill area, and new bone formation when
compared to the other groups in the study (Cho et al.,, 2010).
The other animal studies (n = 3) observed the incorporation of
Mg to hydroxyapatite (HA) on titanium surfaces either using sol-
gel-dip coating method or electrochemical deposition (Li et al.,
2014); (Tao et al., 2016); (Zhao et al., 2013). In all the studies, the
control group was pure HA coating whereas one study compared
Mg-based coating with HA incorporated with other elements like
Zinc (Zn) and Strontium (Sr) (Tao et al, 2016). The analyzed
results observed that bone area ratio and BIC values were
significantly higher for Mg-HA coating when compared to
pure HA titanium surface (Li et al., 2014); (Tao et al., 2016);
(Zhao et al, 2013). A micro-CT analysis also observed that
trabecular bone structure and  osseointegration  was
significantly improved with Mg-HA coating Li et al, 2014;
Tao et al,, 2016; Zhao et al, 2013). Li et al., observed during
biomechanical testing that Mg-HA coating increased the
interfacial shear strength and maximum push-out force when
compared to HA coatings (Li et al., 2014). Tao et al., observed
some slightly improved results with Sr-HA when compared to
Mg-HA in terms of BIC values, bone volume, and bone area ratio
(Tao etal,, 2016). The summary of results from the animal studies
have been tabulated in (Table 3).

Risk of Bias Assessment

In this systematic review, all experimental animal studies were
subjected to SYRCLE’s RoB tool for assessing the risk of bias. For
each domain in the risk assessment tool, the risk of bias for each
study has been summarized in (Figure 2). The 10 risks of bias
items belonging to the risk assessment tool have been presented
as percentages for all the included experimental studies

Magnesium Coatings for Dental Implants

(Figure 3). The studies presented with relatively higher risk of
bias for random sequence generation, allocation concealment and
blinding whereas the randomization and blinding of outcome
assessments, selective reporting of outcome data, and other
potential bias were poorly described in the studies. A
significantly lower risk of bias was observed for reporting of
baseline characteristics and reporting of incomplete outcome data
among the included studies.

DISCUSSION

One of the essential trace elements for both animals and humans
is Mg due to its influence on physiologic activities and bone
metabolism. The deficiency of Mg in the diet can cause reduced
bone mass and deranges the mineral and bone metabolic
pathways in rats (Rude et al, 2006). In the ideal scenario,
biomaterials must influence the  proliferation and
differentiation of the targeted cell types to stimulate formation
of functional tissue (Sader et al., 2009). In the existing literature,
there have been studies that show the positive effect of Mg
incorporation into Ti implants with stimulated bone formation
and osseointegration (Revell et al., 2004; Pang et al., 2014). There
are some lacunae in research that can show the cumulative effects
of Mg as surface coating on dental implants. Thus, in this
systematic review, the focused question was the effect of
various Mg-based coatings on Ti or Zir implants in terms of
cell behavior, osteogenic markers, and on the process of
osseointegration.

A total of 14 studies of both in vitro and experimental animal
model design were included in this review based on the eligibility
criteria. The results from the animal models were based on
histologic or micro-CT analysis and observations were made
in relation to bone-related parameters and osseointegration. It
was shown that Mg-based coatings significantly increased the BIC
values, bone area ratio, and bone volumes as well as improved
speed of osseointegration and higher RTQ values (Sul et al., 2006;
Cho et al., 2010; Li et al., 2014; Tao et al., 2016; Zhao et al., 2013).
The process of osseointegration is reflected based on the
evolution of bone growth and integration in the peri-implant
tissues (Yu et al., 2016). It is well known that bone formation and
integration are quantitatively measured in terms of BIC and bone
area and BIC values are known to have a strong association with
the strength of the bone-implant surface (Yu et al., 2016; Zhou
et al, 2008). It is pivotal to note the superior bone contact
observed in Mg-based coatings on Ti/Zir surfaces when
compared to other observed surface coatings such as
Resorbable Blasting Materials (RBM-HA, Beta-tricalcium
phosphate), HA, ZnHA or groups with no implant surface
coating (Sul et al., 2006; Cho et al, 2010; Li et al., 2014; Tao
et al., 2016; Zhao et al., 2013).

The role of BMSCs (osteoblast precursor) and osteoblast cells
cannot be emphasized more as their initial adhesion and
subsequent proliferation can have a direct effect on cellular
functionality and the process of osseointegration (Jiang et al.,
2013). From the in vitro studies, it was observed that the cells were
flattened or spindle-shaped with cellular extensions that facilitate
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TABLE 3 | Summary of results of animal models observed for main outcome measures.

S. Author

NO

1 Sul et al.
(2006)

2 Cho et al.
(2010)

3 Lietal
(2014)

4 Tao et al.
(2016)

5 Zhao
et al.
(2013)

adhesion and spreading on Mg-containing surfaces (Gorrieri et al.,
2006; Jiang et al., 2014; Pardun et al., 2015; Won et al,, 2017; Yu
etal., 2017). The presence of actin filaments in spindle-shaped cells

Materials

Animal study- New Zealand
White Rabbits (7 = 10)

Animal study- New Zealand
White Rabbits (n = 24)

Animal study- Ovariectomized
rats (n = 18)

Animal study- Spraque Dawley
rats (n = 50) c. Ovariectomy (n =
45) d. Sham operation (n-5)

In vitro study and Animal study
New Zealand White Rabbits (n
=15)

Groups Surface coating

1. Control group- Machine turned
implants (n = 10)

Magnesium oxide- Micro-arc
oxidation process

2. Test group- Magnesium ion-
incorporated oxidised implants (n = 10)

1. Control- Screw-type RBM implant
(8.3 x 3.8 mm) (n = 24) Resorbable
blasting materials (RBM)-
Hydroxyapatite, Beta-tricalcium
phosphate

Mg-Plasma Source lon
Implantation Method

2. Test groups- Differential Mg ion
dosage a. Mg-1 (Concn-9.24%) (n =
24) b. Mg-2 (Concn-10.13%) (n = 24)
¢. Mg-3 (Concn-11.74%) (n = 24)

1. Rod-shaped Ti implants (12 x

1.1 mm) (n = 36) and Ti discs
(Diameter-9mm) (n = 12) a.
Magnesium-incorporated HA (MgHA)
coating b. HA coating

MgHA) and HA coating on
implant using Sol-gel-dip-
coating method

1. Titanium implants (20 x 1mm) a.
Pure HA coating b. HA incorporated
with 10% Zinc, Mg, and Strontium. i)
ZnHA i) MgHA i) SrHA

Electrochemical deposition for
coatings

1. Screw titanium implants (8 x

4.1 mm) (n = 30) 2. Titanium plates
(25 mm x 1.5 mm) (n=12); (10 x 10 x
1mm) (n = 72) a. EDHA coating b.
EDMHA coating

Pure hydroxyapatite (EDHA) or
Mg-substituted HA (EDMHA)-
Electrochemical deposition

Magnesium Coatings for Dental Implants

MICRO-CT/HISTOMETRIC
analysis

Osseointegration speed between 3 and
6 weeks: Test Mg implants- 2.5 Ncm/
week

Control Machine turned implants- 2.0
Ncm/week (p-value<0.005)

Removal Torque value: Mg-1 implants
higher RTQ value when compared to
Mg-2 and control implants. (o < 0.05)
Bone-Implant contact values: Highest-
Mg-1 (36.1 + 12.3%) Lowest-Mg-2
(26.2%%+10.1%) (0 < 0.05) Bone Fill
Area: Mg-1 (74.1 + 12.3%) Mg-2
(68.1 + 24.1%) Mg-3 (72.4 + 11%)
Control (63.3 + 18.3%) (p < 0.05)
New bone formation: Mg-1 (510.8% +
167.2 ym) Other groups (330-370 pm)
(o = 0.109)

Bone Area ratio c. MgHA = 36.76%
d. HA = 27.26% (p < 0.01)

Bone implant contact c. MgHA =
52.57%

d. HA = 34.06% (p < 0.01)

Micro-CT analysis

Trabecular bone architecture and
osseointegration was significantly
improved with MgHA compared to HA
group

MicroCT

Bone volume/total volume

Sr-HA =402 + 2.4

Mg-HA =303 + 1.5

Zn-HA =286 + 1.2
HA=238+1.2

Bone area ratio

At 12 weeks, Increased by Sr-HA =
1.51 fold

Mg-HA = 1.28 fold

Zn-HA = 1.23 fold

Compared to HA (p < 0.05)

Bone implant contact

At 12 weeks, Increased by Sr-HA =
1.81 fold

Mg-HA = 1.61 fold

Zn-HA = 1.54 fold

Compared to HA (p < 0.05)

Bone implant contact (%)

At 2 weeks

EDMHA group: 61.77 + 8.53
EDHA

4417 + 12.35 (p = 0.086)
Bone area (%)

At 2 weeks

EDMHA group: 40.30 + 10.67
EDHA

38.39 + 23.25 (p = 0.831)

was suggestive of the migratory attitude of the osteoblasts. The
polygonal shape with cytoplasmic processes enabled the cells to
spread to reach larger sizes on the coating and they were found to
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FIGURE 2 | Risk assessment using SYRCLE RoB tool for individual animal experimental studies included in the systematic review.
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FIGURE 3 | Cumulative risk assessment of the included studies in the systematic review using individual items in SYRCLE RoB tool.
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be closely adherent to the coating (Gorrieri et al., 2006; Xie et al,
2009). Also, it was observed that there was increased cellular
proliferation and cell viability with increased levels of osteogenic
markers such as ALP, OCN, OPN, BSP, RUNX-2 etc influenced by
the presence of Mg in the implant surface coating (Gorrieri et al.,
2006; Jiang et al., 2014; Mihailescu et al., 2016; Onder et al., 2018;
Pardun et al., 2015; Park et al., 2013; Won et al.,, 2017; Yu et al,,
2017; Xie et al.,, 2009; Zhao et al., 2013). There was also increased
deposition of Type-I collagen which is an essential component of
the extracellular matrix and increased Ca deposition that can
contribute to bone mineralization (Onder et al, 2018; Park
et al., 2013; Won et al,, 2017).

The success of dental implants is not only dependent on
osseointegration but on the disruption of the microbial biofilm
that can affect the health of the peri-implant tissues. Various
organisms like Prevotella intermedia, Porphromonas gingivalis,
Actinobacillus actinomycetemcomitans have been identified as
etiological factors that can result in peri-implantitis where there is
a pathological loss of peri-implant supporting tissues (Leonhardt
et al, 1999; Schmidlin et al., 2013). This has warranted research
towards newer and effective strategies on antibacterial surface
coatings to prevent microbial adhesion and colonization on dental
implants (Holban et al., 2014). Two studies in this systematic review
observed the anti-bacterial effect of Mg-based coatings and there was
significantly higher inhibitory effect with these coatings on microbes
like P. gingivalis, F. nucleatum, S. mutans, Micrococcus sp,
Enterococcus sp, and Candida albicans (Mihailescu et al., 2016; Yu
et al, 2017). But, the results of the study conducted by Yu et al,
suggested that the Zn portion of Zn/Mg co-implanted surface could
have contributed to the inhibitory effect because of Zn ions being
established in the suppression of microbial adhesion and production
of reactive oxygen species that are detrimental to the oral anaerobes
(Yu et al,, 2017). The study conducted by Mihailescu et al., suggested
that BHA:MgO or BHA:MgF2 have anti-biofilm properties based on
the hypothesis that these coatings exhibited bactericidal properties by
killing cells during or after the contact with the coated surfaces
(Mihailescu et al., 2016).

The potential limitation in this systematic review could be that
the studies belong to the lower level of evidence (animal-model
and in vitro design) and the quality assessment of the included
studies revealed that there could be many potential sources of bias.
The included studies had considerable heterogeneity and in most
of the animal studies, the steps of randomization and blinding
were not performed and some studies did not clearly explain the
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experimental protocol which is a potential confounding factor.
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to the positive outcomes obtained in it. There is a heterogeneity
among the included studies in methodology, but the
corresponding authors of the studies have been contacted for
clarification or for providing any missing information relevant to
performing to this review. Some disadvantages noted with Mg
alloys include less corrosion resistance, lesser elastic modulus, but
none has been identified yet with Mg coatings (Chakraborty
Banerjee et al, 2019). But, from this systematic review, it is
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these results could be ascertained as preliminary as the data was
extracted mainly from in vitro and experimental animal models.
However, future research should be targeted with more well-
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CONCLUSION

From this systematic review of literature, the results from the
in vitro studies show that Mg-based coatings improve the cellular
behavior in terms of morphology and proliferation with increased
expression of osteogenic markers and considerable antimicrobial
activity. From the animal studies, it can be deduced that there was
higher bone fill and BIC values with significant new bone
formation. Even though the results are promising, there is
considerable heterogeneity among the included studies, so
clinical trials are warranted to provide compelling observations
for outcomes that determine the long-term clinical success of
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