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Mg and its alloys evince strong candidature for biodegradable bone implants, cardiovascular stents, and wound
closing devices. However, their rapid degradation rate causes premature implant failure, constraining clinical
applications. Bio-functional surface coatings have emerged as the most competent strategy to fulfill the diverse
clinical requirements, besides yielding effective corrosion resistance. This article reviews the progress of
biodegradable and advanced surface coatings on Mg alloys investigated in recent years, aiming to build up a
comprehensive knowledge framework of coating techniques, processing parameters, performance measures in
terms of corrosion resistance, adhesion strength, and biocompatibility. Recently developed conversion and
deposition type surface coatings are thoroughly discussed by reporting their essential therapeutic responses like
osteogenesis, angiogenesis, cytocompatibility, hemocompatibility, anti-bacterial, and controlled drug release
towards in-vitro and in-vivo study models. The challenges associated with metallic, ceramic and polymeric
coatings along with merits and demerits of various coatings have been illustrated. The use of multilayered hybrid
coating comprising a unique combination of organic and inorganic components has been emphasized with future
perspectives to obtain diverse bio-functionalities in a facile single coating system for orthopedic implant

applications.

1. Introduction

Magnesium and its alloys are becoming research frontier in the field
of biodegradable materials due to their adequate strength, lightweight,
and natural biodegradability. For orthopedic implant application, Mg
alloys possess similar mechanical characteristics with identical young’s
modulus (20-45 GPa) comparable to cortical bone (20-27 GPa) [1].
Additionally, Mg alloys mimic the mechanical anisotropic characteristic
of cortical bone, which endows superior load-bearing capacity [2]. The
combination of such unique properties renders Mg alloys as a promising
candidate for orthopedic implant applications. An ideal biodegradable
implant is supposed to stimulate the healing response of injured tis-
sue/bone, promote osteointegration, and provide necessary mechanical
support at the early stages of implantation [3]. With prolonged im-
mersion in physiological media, implant degradation rate must be syn-
chronized with bone healing rate. During degradation, the supply of
released ions must be adequate for the healthy growth metabolism of
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osteoblast and neovascularization [4]. After providing necessary me-
chanical fixation upto bone healing time, the implant should be
degraded completely and replaced by new bone tissue, eliminating un-
necessary follow-up and secondary surgery [5]. However, in the last few
decades, researchers have put continuous efforts into synchronizing the
degradation rate of Mg-based biodegradable implants. Unfortunately,
investigated studies show compromised bio-functionalities during clin-
ical testing, which need to be addressed for full-scale orthopedic implant
applications [6-10].

There are multiple outstanding concerns with Mg and its alloys,
limiting their application potential for a biodegradable orthopedic
implant. The primary issue about Mg-based implants is rapid degrada-
tion in a complex physiological environment, which deteriorates me-
chanical integrity and causes implant failure (within 4-6 weeks), even
before the complete healing of natural bone, which usually takes 8-12
weeks [11]. Moreover, if the fracture type is transverse, bones like
femur, tibia, and fibula may take longer time (up to 24 weeks) to regain
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native mechanical strength [12]. Mg alloys are prone to micro-galvanic
corrosion due to the highly electronegative electrode potential of —2.37
V, which further accelerates the degradation phenomena in the presence
of physiological media [13]. Secondly, Mg suffers from an abnormal
phenomenon of negative difference effect (NDE) where corrosion rate
and hydrogen evolution increase rapidly with an increase in corrosion
potential, which may lead to blockage of blood paths and cause tissue
necrosis by Hy accumulation [14]. Thus, wound healing after prosthetic
surgery becomes a major challenge. Additionally, the formation of
highly alkalized micro-environment at the tissue/implant interface
cause cell-apoptosis [15]. Other issues, like difference in in-vivo and
in-vitro corrosion resistance, limit the clinical translation of Mg-based
implants because the corrosion performance in in-vitro conditions ig-
nores the role of proteins and enzymes present in actual physiological
media [16,17]. Nevertheless, it is still debatable to determine whether
the proteins assist or hinder the corrosion phenomena of Mg alloys [18].
Another possible reason for such differences may be the presence of
dynamic physiological conditions inside human body. However, some
studies reported creating semi-dynamic and quasi-static conditions
during the in-vitro investigation, but a significant difference exist be-
tween the in-vitro and in-vivo degradation response of Mg alloys
[19-23].

The degradation rate must be controlled up to the bone healing
period to adopt Mg alloys for safe clinical applications. Extensive efforts
have been devoted to resolve the degradation issue, mainly dominated
by microstructural and surface modification strategies [24].
Micro-alloying considered as a promising method to tailor the degra-
dation rate [25,26] by alloying the Mg with relatively noble elements
like Calcium (Ca), Zinc (Zn), Aluminium (Al), Manganese (Mn), Lithium
(Li), Scandium (Sc), Strontium (Sr), and rare earth (RE) elements [27].
Some of the Mg alloys such as Mg-Zn-Ca [28], Mg-Ca-La [29], Mg-Sr
[30], Mg-Mn-Ca-Zn [31] demonstrated bio-safe degradation rates in
the range of 0.2-0.5 mm/year in physiological media due to their ten-
dency to form noble composite oxide layers which act as effective shields
against aggressive ions of physiological media [32]. Nowadays, various
ceramic reinforcements including $-TCP [33], HA [34], and calcium
polyphosphate (CPP) [35] have also been reported to enhance corrosion
resistance, bioactivity and mechanical strength of Mg alloys. However,
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the versatility of their bio-functionalities for clinical qualification is yet
to be established. Moreover, alloying of Mg is always challenging due to
the low solubility and non-uniform distribution of most alloying ele-
ments, resulting in heterogenous and coarse secondary phases [36].
These phases act as potential sites for micro-galvanic cell set-up and thus
accelerate the degradation of Mg alloy [37].

Alternatively, surface modification techniques are more convenient
and straightforward approach to control the degradation rate of Mg
alloys [38,39]. Surface modification techniques can be categorized
based upon the requirement of different energy sources like mechanical,
thermal, electrical, biological, and chemical energy, as described in
Fig. 1. Coating processes with electric energy as source are widely used
for Mg alloys. This category includes Electrodeposition, Micro arc
oxidation, Electrospinning, Anodic oxidation, Physical Vapor Deposi-
tion, Ion implantation and Chemical Vapor Deposition [40]. These
processes can be performed at room temperature or at relatively low
temperatures, which is a notable advantage of this category. These
coatings are characterized by their highly uniform crystalline structure,
improved bonding strength, wear resistance, reproducibility, and facile
thickness control [41]. In addition, they can be easily applied to Mg
substrates with complex geometries. The surface modification tech-
niques like friction stir processing (FSP), shot peening (SP), and surface
mechanical attrition treatment (SMAT) employ mechanical working to
physically alter the surface properties of Mg alloys by grain refinement
[42,43]. In comparison, thermal surface modification techniques like
laser surface melting (LSM) and laser shock peening (LSP) utilize the
application of high temperature and pressure to obtain grain refinement
[44]. In the case of biodegradable Mg alloys, such surface modifications
are extensively reported to enhance the mechanical properties. How-
ever, they are not adequate to improve the corrosion resistance of Mg
alloys in physiological media [45-47]. Additionally, the unwanted re-
sidual stresses generated after thermal or mechanical working affects the
corrosion and mechanical properties of Mg alloys [48].

In contrast, surface coatings play an efficient role to act as a physical
barrier between the substrate and physiological media to improve the
corrosion resistance without disturbing the grain morphology of Mg
alloys. However, the surface coating does not improve mechanical
properties but plays a vital role in minimizing the mechanical integrity

Chemical
conversion

Electric field assisted
hemical conversion

Sol-gel

Chemical

Cold spray
deposition

/Molecular
\ recognition
S

Biological

Enzymatic mineralization

Molecular
crowding

Atomic Layer deposition

Fig. 1. Classification of surface modification processes based on various energy sources.
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loss of Mg alloys with prolonged immersion in physiological media [49,
50]. Surface coatings on Mg alloys are metallic, ceramic, and polymeric.
Nowadays, bioactive ceramics, including Ca—P compounds and biode-
gradable polymers like Polylactic acid (PLA), Poly (lactic-co-glycolic)
acid (PLGA), Polydopamine (PDA), and Polycaprolactone (PCL) are
gaining interest in orthopedic applications due to superior biocompati-
bility and biosafe degradability in physiological media.

Among numerous surface coating techniques, the selection of
appropriate coating architecture is challenging to meet the diverse
clinical requirements. In the last few decades, umpteen research has
been conducted to explore the various surface coatings on Mg alloys to
fulfill clinical bio-functionalities. With a focus on corrosion resistance,
adhesion strength, biocompatibility, and other bio-functionalities of
surface coatings, this review paper summarizes the progress of various
conversion and deposition types of coatings on Mg-based alloys for
biodegradable implant application. Hence, the latest developments for a
wide range of coating techniques from methodological, structural, and
functional perspectives are discussed. A comprehensive analysis be-
tween bio-functionalities and simultaneous corrosion performance of
the latest coating strategies has been performed to establish the fulfill-
ment of clinical goals.

2. Coatings on Mg alloys: clinical requirements

Generally, Mg-based implants do not have bioactive surfaces, which
promote good osseointegration and ward off infection from the im-
plantation site. Accordingly, attention has been focused on developing
coating systems that complement essential clinically features [51].
Coatings must be biocompatible and do not trigger any immune or
foreign body response to endow such requirements. In any case, the
coating must produce an efficient anti-inflammatory response, necessary
for the first 3-7 days of implantation [52]. Apart from providing
necessary corrosion resistance, Nowadays, specially designed coating
serves as a potential stock-house for performing various
bio-functionalities to meet the essential clinical requirement. Coatings
on Mg implant must be osteoconductive to promote significant osteo-
blasts’ adherence, proliferation, and growth. Additionally, coatings with
angiogenesis differentiation are highly recommended for the formation
of new blood vessels from pre-existing vessels of host tissue at the early
stages of implantation, which accelerates surgical wound-healing and
osteoinduction response of implant [53,54].

Coatings must have adequate cohesion and adhesion strength to
withstand dynamic stresses associated with locomotive events in the
human body. The lack of cohesion or adhesion strength will result in
mechanical damage or delamination of coating from the implant sur-
face. Apart from the loading aspect, polymeric coatings are highly prone
to damage partially (i.e., scratching, debonding) even during the
implant fixation process [55]. Thus, a coating system with
self-healing/sealing characteristics is desirable to counter such failures.
Finally, coatings must possess anti-microbial properties to deter the risk
of surgical site bacterial infections (SSBI), which may lead to surgery
failure or death of a patient under severe circumstances [56]. Following
traumatic fracture, the inorganic and organic phases of natural bone
must rapidly biomineralize. The coating is required to direct the align-
ment of mineralized phases so that maximum penetration occurs within
the bone. Otherwise, randomly aligned mineralized phases can cause a
larger space between the bone and implant, which could result in
implant loosening. During implant fixation surgery or after implant
fixation, dynamic loading conditions within the human body, coatings
are prone to damage. Thus, coatings with intelligent self-healing fea-
tures are essential. The fulfillment of these bio-functionalities by an
ideal coating architecture/design will lead the idea of Mg-based biode-
gradable implant towards the product development phase.
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3. Coatings and their current status

Surface coatings on Mg alloys can be obtained by mechanical, ther-
mal, biological, and chemical methods. The surface modifications ach-
ieved independently or combined by mechanical or thermal energy are
categorized under physical coatings. Surface coatings involving bio-
logical methods like biomimetic, bio-inspired, or molecular recognition
are called biochemical coatings. Among various surface modification
techniques, chemical coatings are the most widespread and investigated
technique for the biomedical application of Mg alloys. According to the
formation mechanism, the chemical coatings on Mg alloys are generi-
cally categorized as conversion and deposition coatings. Conversion
coatings are in-situ grown coatings by utilizing the base metal for spe-
cific chemical reactions to form a protective layer. In contrast, deposited
coatings are produced ex-situ by numerous techniques to be discussed in
this review. The detailed classification scheme of conversion and
deposited coatings are shown in Fig. 2.

3.1. Conversion coatings —

Conversion coatings are in-situ fabricated coatings produced by a
chemical reaction between the substrate and the coating media.
Generally, the surface of metallic substrate undergoes complex reactions
in aqueous media by chemical or electrochemical method [57]. Such
treatment resulted in oxide/hydroxide formation on the surface of base
metallic substrate. The in-situ growth environment provides excellent
adhesion strength as compared to deposited coating. Thus, many studies
highlighted the application of conversion coatings as an adhesive layer
sandwiched between Mg substrate and deposited organic coating
[58-60]. The chemical conversion, micro arc oxidation (MAO), layered
double hydroxides (LDHs), ion-implantation and alkaline treatment are
important conversion coatings on Mg-based alloys for bioimplant ap-
plications thoroughly discussed in the present study.

3.1.1. Chemical conversion coatings (CCCs)

CCCs are achieved by the formation of oxide/hydroxide of native or
other desirable elements on Mg substrate, which can enhance corrosion
resistance, biocompatibility, and osteoconductivity of coated samples.
Typically, a chemical conversion process involves a sequence of steps:
cleaning in an alkaline environment, etching in an acidic environment,
immersion in conversion bath, drying, and water rinsing [61]. In gen-
eral, a conversion coating works by stimulating the interfacial reactions
with the subsequent precipitation/coating formation. The process is
triggered by a decrease of the pH and an increase of the Mg?* concen-
tration at the metal/solution interface [62]. Mg’s low standard electrode
potential allows protons (H) and water to be reduced simultaneously
upon dissolution. After immersion in aqueous bath solutions, magne-
sium hydroxide was rapidly formed on the Mg substrate. In neutral (pH
7) or alkaline bath solutions (pH 10) magnesium hydroxide is chemi-
cally stable, which results in passivation and inhibits conversion re-
actions [63]. However, in acidic bath conditions, magnesium hydroxide
may be easily attacked by the plentiful protons that are continually
supplied to the coating/metal interface by the acidic solution [62]. As a
result, localized dissolution occurs on the hydroxide layer, causing the
breakdown of passivity and ensuring continued conversion reactions. In
an acidic conditions, Mg specimen dissolves aggressively and releases
abundant amount of Mg?" cations. Therefore, in the vicinity of the Mg
surface, localized accumulation of OH™ ions abruptly increase pH at
coating/metal interface (The bulk pH will also rise with prolonged im-
mersion, but that is not relevant during the timescale of coating) [64].
As a result of this local pH increase, a conversion layer over the Mg
substrate rapidly forms and precipitates. With prolonged immersion in
bath media, the oxide/hydroxide formed on Mg substrate dissolved in a
localized manner, facilitating penetration of conversion media. Once
bath media reaches the surface of Mg substrate, conversion phenomena
again initiated, which facilitates the enrichment of coating density [65].
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Fig. 2. Generic classification of coatings for biodegradable Mg alloys.

Hence, the density of deposited coating is increased by prolonged im-
mersion in bath media. Additionally, process parameters like concen-
tration, pH, and temperature of bath media play essential roles in
coating quality [66]. Majorly reported chemical conversion coatings on
Mg alloys are based on chromates, fluorides, phosphates, and rare earth
(RE) elements [67]. Despite excellent corrosion resistance possessed by
chromate coatings, its usage has been banned under EU regulations for
biosafety purposes [68]. Fluoride conversion coatings have limited
bioactivity and poor stability with prolonged immersion in physiological
media [69]. Thus, in recent years, various metal-phosphate and rare
earth (RE) element based conversion coatings have been extensively

researched for effective corrosion resistance and biocompatibility of Mg
alloys, as discussed below:

e Phosphate conversion coatings (PCCs): Various PCCs containing trace
metallic complexes are shown in Fig. 3. Studies reported the doping
of additional trace elements to improve the biocompatibility and
osteoinduction response of phosphate conversion coatings. Due to
the hydroxyapatite (HA) layer formation, Ca-P conversion coatings
are of particular interest. HA most closely mimics the mineral phase
of natural bone among various Ca-P phases and is highly recognized
as an osteoconductive mineral [70]. Additionally, the lowest solu-
bility offers effective corrosion resistance in physiological media.
Although HA coatings can be achieved by various techniques like
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sol-gel and electrochemical deposition, coating’s adhesion strength
reported for such techniques is relatively low [71,72].

However, due to in-situ coating formation, the average adhesion
strength of chemical conversion coatings is exceptionally superior up to
19-28 MPa [73]. The osteointegration response of HA coatings is
dependent on surface morphology. Nano-plate and nano-sphere like
structures greatly enhance the cell attachment compared to whisker or
flake-like HA crystal structures [74]. The chemical conversion method
can quickly obtain such desired coating morphologies by varying the
process parameters like pH, bath temperature, and treatment time,
which is difficult to control by other coating techniques [75]. Despite
controlled morphology and uniform coating thickness, the fabrication of
HA coating free from the fragile surface and spatial defects is still a
challenge.

Rahman et al. [73] developed a double-layered Ca-P coating
comprised of dicalcium phosphate dihydrate (DCPD) and HA on WE43
and pure Mg alloy. The author reported that after alkaline treatment,
DCPD’s non-homogeneous flake-like structure got transformed into a
uniform plate-like HA structure completely devoid of defects as shown
in Fig. 4. The chemically driven HA formation on Mg substrate resulted
in significantly high adhesion strength of 28.5 MPa. However, the study

lacks a long-term immersion test in physiological media to assess the loss
of adhesion strength that may occur during prolonged immersion.
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Fig. 3. Elemental doping and resultant conversion baths used for various phosphate conversion coatings on Mg alloys for orthopedic applications.

Table 1 reports the fabrication parameters, pre/post treatments and
performance details of various PCCs achieved on Mg alloys. Maurya
et al. [83] deposited bioactive HA coating on Mg-Li alloy by a two-step
conversion coating technique to observe in vitro biomineralization
response and corrosion resistance. The author reported that the bio-
mineralization tendency of HA-coated substrate became twice when
compared to the uncoated sample. However, considerable residual stress
value (~200 MPa) in the coatings result in fatigue cracking and loss in
adhesion strength under dynamic loading conditions [84].

Since Ca-P coatings possess no biocidal response toward bacterial
activity, phosphate conversion coatings must be evaluated for osteo-
myelitis risk. Hu et al. [85] fabricated Ag/HA composite conversion
coating on Mg-2Zn-1Mn-0.5Ca alloy. The Ag/Ha coated sample dis-
played significant zone of inhibition (ZOI) against S. aureus, compared to
uncoated samples. By uniform dispersion of Ag particles, the adhesion
strength of Ag/HA coatings was enhanced by 3.5 times compared to HA
coatings. However, the electrochemical response of composite coating
was not attractive due to spatial defects originating from Ag addition.
Study has not addressed biocompatibility of Ag/HA composite coating.
Ideally, HA (stochiometric Ca/p ratio, 1.67) having lowest solubility
index (Kg 3.7 x 107°8) is considered the most stable form of apatite
[86]. However, the leaching of Mg?" ions occurred via coating defects,
causing the substitution of Ca ions in HA. Such a substitution creates
structural disorder in HA lattice, which results in high solubility and
poor crystallinity with prolonged immersion in physiological media
[87]. Being inert to such substitutions, other alternatives like RE-based
conversion coatings have gained interest in recent years.
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e RE-based conversion coating (REEs): RE elements are well known for
their chemical stability and long-term insolubility in physiological
media. Rudd et al. [88] firstly introduced RE conversion coatings for
Mg alloys for bioimplant application. It was reported that RE con-
version coatings provide uniform Mg degradation in aqueous chlo-
ride media over large pH fluctuations, usually occurring during Mg
corrosion [89]. Generally, famous RE elements applied for conver-
sion coatings on Mg alloys, like cerium (Ce), Yttrium (Y), Lanthanum
(La), have no antagonistic effect on living cells at lower concentra-
tions. They play a vital roles in the bio-functioning of the kidney,
liver, skeletal muscles, and glands, indeed regulating the immune
system by triggering anti-inflammatory reactions [90]. Recently,
Han et al. [91] fabricated a Y-based conversion coating on AZ91 D
Mg alloy. The coating morphology is composed of dry river-bed type
micro-cracks. A post coating treatment by dipping the coated sub-
strate into 30% silica sol sealed the micro-pores. The E ., of coated
substrate is positively shifted with respective drop in Iy by 102
folds. A 72-h immersion study conducted in a NaCl environment
showed coating stability without any signs of delamination.

Saranya et al. [92] investigated the role of selenium (Se) conversion
coating on AZ31 Mg alloy for bio-mineralization and anti-bacterial
response. A Bath with 0.2% selenous acid solution was prepared by
mixing propanol and water. The substrate was immersed for 3 h to
obtain conversion coating. A hydrophobic coating surface with 98.5° +
1.4 was obtained, which significantly shifted the E.o; to —0.39 V
compared to —1.61 V of uncoated substrate. After seven days of
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Fig. 4. (a) Surface morphology of WE43 Mg alloy, (b) pure Mg, (¢) non-homogenous flake-like structure of DCPD coating on WE43 Mg alloy, (d) non-homogenous
flake-like structure of DCPD coating on pure Mg, (e) homogenous plate-like structure of HA coating obtained after alkalization on WE43 Mg alloy, (f) homogenous
plate-like structure of HA coating obtained after alkalization on Pure Mg. Reproduced with permission [73]. Copyright 2020, Elsevier.

immersion in Earle’s solution, a dense apatite growth significantly
improved the coating’s protective efficiency. However, a higher release
of Se ions (29 pg/cm?/day) was observed during initial immersion
hours, but with apatite growth, it slowed down to 12 pg/cm?/day, which
was below the daily requirement of the human body. The anti-bacterial
response of coated sample against P. aeruginosa and S. epidermis was
found 52 and 61%, respectively, which is nearly 4-6 times higher than
uncoated substrate. Additionally, coated sample exhibits an inhibition
zone of 18 mm diameter against S. aureus. The author reported the se-
lenium’s capability of producing superoxide radical ions, which destroy
the cell metabolism of both gram-positive and gram-negative bacteria.
Extending the similar antagonistic properties of RE elements, Kannan
et al. [93] reported anti-cancer activity of electrophoretically obtained
samarium (Sm) conversion coating on AZ31 Mg alloy. The Sm*" ions
enhanced the affinity of Sm-tetraaza macromolecules towards CXCR4
receptors, which exceptionally boosted the anticancer activity to 87 and
96% after 48 and 72 h, respectively. The biocompatibility of coated
samples for mesenchymal stem cell (MSC) line was found 72%,
considered to be bio-safe as per ISO standards. Recently, Jian et al. [94]
proposed a novel Ce/Mn composite conversion coating for Elektron (EV)
31 Mg alloy with efficient corrosion resistance and self-healing features.
Composite bath comprised of 0.1 M KMnO4, 0.02 M Ce(NO3)3 was
adjusted at pH 1.5 in room conditions. Thus Mg substrate is treated in
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the bath for various intervals (i.e., 15, 30, and 60 s). The coating
morphology for 30 s treated sample was reported more uniform and
compact with a thickness of 680 nm. After seven days of immersion in a
3.5% NaCl environment, the coating shows an adhesion strength of 5B
grade. It was observed that the presence of Mn®" ions facilitates the
conversion of Ce(OH)3 (K 1.6 x 102 0 a highly insoluble Ce(OH)4
compound with a much lower solubility index (K 2.0 x 1078 [95].
Thus formed stable cerium species deposited at the scratched sites and
limited expansion of scratch. In contrast, continued scratch growth was
observed for conventionally coated samples by phosphate conversion
method due to active corrosion. Nevertheless, Ce compounds are known
for suppression of oxidative stress and free radical production, which
otherwise, could promote several neurodegenerative diseases, such as
Parkinson’s disease, trauma, ischemic stroke, Alzheimer’s disease (AD),
and aging [96]. Recently, Ce based compounds are reported for pro-
moting angiogenesis induction [97] and peroxidase mimicking activity
[98] for breast cancer cell detection. However, being a rare-earth
element, several studies reported the systemic toxicity and genotox-
icity associated with Ce compounds. Pulido et al. [99] investigated that
higher surface content of cedt (40-58%) exhibited a toxic effect, due to
superoxide dismutase (SOD) mimetic activity and H,O5 production,
which is toxic to the cells. However, at lower percentage (between 26%
and 36%) it displayed catalase mimetic activity, which broke down
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Various PCCs with subsequent pre/post coating treatment details for biodegradable Mg alloys.

Coating Bath pH Temp, Duration, Adhesion
Composition °C mins strength
(MPa)

Ecorr (V/SCE) Teorr (A/cm?) Corrosion Pre/post Ref.

rate (mm/ treatment

Uncoated  Coated  Uncoated  Coated

year)

Ca-P 0.7 M calcium 2.8-3.0 40 5 -
nitrate and 1.5
M phosphate
acid (85% V/V)
Mn-P 0.1-0.5M 3.0-4.0 60 10 -
H,PO7, 0.1-0.5
M Mn?*,
0.01-0.05 M
NO®T,
0.01-0.05 M
EDTA*"

Ca-Mn-Ba-P 10 ml/L Mn 3 30 30 -
(NO3)2, 10 g/L
Ba(NO3),, 6 g/L
Ca
(NO3)2-4H,0,
and 20 g/L
NH4H,PO4
La-P (MgNH4PO4)- 3.75-4.25 55 20 -
6H,0,
(MgHPO4)-
3H,0, 20 g/LLa
(NO3)3
Mn-Ce-P 0.1 M KMNOy, 1.5 25 1 5B
0.02 M Ce
(NO3)3, 0.02 M
K4P207

Sr-P 0.5-1.0 M Sr 1.0-3.8 80 15 -
(NO3)2,
0.03-0.6 M
NH4H2PO4

Mg-P 0.4 m/L Mg 2.7 60 20 9.4
(NO3)5, 0.2 m/L
H3PO4

Zn-P 0.1 m/L Zn 1.8
(NO3)5, 0.2 m/L
H3PO4

Zn-Mg-P 0.4 m/L Mg 5.6
(NO3)a,
0.1 m/L Zn
(NO3)2,
0.2 m/L H3PO,

Ca-Mg-P 0.4 m/L Mg 5.2
(NO3)2,
0.2 m/L Ca
(NO3)2,
0.2 m/L H3POy4

Zn-Ca-P 0.1 m/L Zn 2.5
(NOs)3, 0.2 m/L
Ca(NO3)2,
0.2 m/L H3POy4

Zn-Ca-Mg-P 0.4 m/L Mg 6.3
(NO3)2, 0.1 m/L
Zn(NO3)2, 0.2
m/L Ca(NOs3),,
0.2 m/L H3PO,

-1.43 -1.35 67 x 6 x 0.22 + - [76]

107 10°° 0.03

—1.65 —1.62 31.5 x 13.2 - Pre-treatment of [771

107 x107° uncoated AZ91-
T4 Mg substrate
in bath
containing
EDTA*~ and
NO*~
complexing
agents to remove
the unwanted
Al,(Mn,Fe),
phase

—1.58 -1.51 45.2 x 24.1 - - [78]

10°° x107°

—1.54 -1.59 40.7 x 7.07 0.046 - [79]

10°° x 1076

-1.62 —1.52 15.6 x 2.2 x - Pre-treatment of [80]

10°° 10°° LZ91 Mg
substrate in
alkali
environment to
achieve thin
layer of Mg
(OH),/LiOH and
MgO/Li;O

- [81]

—-1.51 —1.54 18.8 x 0.20 - - [82]

10°° x 107°

-1.50 1.79
x 107°

-1.43 2.57
x107°

-1.68 0.31
x 107

—1.47 3.54
x107°

-1.39 2.19
x 107

H0; to molecular oxygen, protecting the cells against oxidative dam-
age. There is still a lack of adequate knowledge regarding the environ-
mental and health risks associated with RE elements. Studies reported
that exposure to RE elements might cause neural damage, which

723

declines the locomotor frequency of body bending, head thrashing, and
pharyngeal pumping. Under chronic exposure, significant loss of
dendrite and soma of neurons induced down-expressions and other
behavioural deficits [6,100].
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e Fluoride Conversion Coatings (FCCs): Several authors [101-104] re-
ported the development of FCCs on Mg alloys for biomedical implant
applications. The coating procedure is typically performed by
immersing Mg or Mg alloy substrates in 40%-48% hydrofluoric (HF)
acid solution [69,105]. The Mg alloys passivate spontaneously by the
formation of Mg(OH),. In a highly acidic solution like 40-48% HF,
the stability of Mg(OH); is very poor, and hence it would involve an
exchange reaction with HF. Thus, The FCCs are composed a mixture
of MgF5 and Mg(OH),_,F,. However, the spontaneous passivation as
well as slow rate of conversion of Mg(OH)y_,F, to MgF; limit the
FCCs thickness [106]. The low-solubility characteristics of FCCs in
aqueous physiological solutions possess significant corrosion resis-
tance potential for magnesium alloys. The FCCs often reduces he-
molysis to as low as 5%, promotes cell adhesion and proliferation,
and does not cause any cytotoxicity. Nevertheless, hydrogen evolu-
tion during coating formation leads to the generation of pores in the
FCCs, while internal stress promotes cracking of the coated layer.
Additionally, the lower thickness, presence of pores and cracks, and a
lower F/O ratio determined by the volume fraction of the hydroxyl to
fluoride fraction of Mg(OH),_F, limit the ability of FCCs to offer
long-term corrosion protection in NaCl as well as in physiological
solutions. Dzikov4 et al. [107] developed fluoride conversion coating
on AZ31 Mg alloy at two coating temperatures, 430 °C, and 450 °C,
and three coating times, 0.5, 2, and 8 h in Na(BF4) molten salt.
Increased coating temperatures and coating times led to higher
coating thicknesses with reduced defects that were uniformly
distributed on the coating surface, thereby enhancing corrosion
resistance. The defect-producing intermetallic compounds in coat-
ings were stabilized by an increase in temperature and time.

In physiological media, a single FCC is unable to provide meaningful
shielding from aggressive ions. Recently, Sathyaraj et al. [108] fabri-
cated a fluoride conversion coating on pure Mg. Following deposition of
magnesium phosphate coating in the first stage, magnesium
fluoride-magnesium phosphate duplex coating was developed in the
second stage. The author reported that the structural homogeneity of the
duplex coating was increased with an increase in treatment time from
0.5 to 2.0 h. The positive shift in E o and decrease in I,y reduced the
corrosion rate of duplex coated Mg to 0.023 mm/year, whereas the
corrosion rate of MgF, coated Mg was 0.32 mm/year. The bonding
strength of the duplex coating was 13.46 MPa, almost similar to the
recommended value of 15 MPa for biomedical applications as per ISO
13779-2 standard. Zhang et al. [109] prepared a stearic acid (SA)
modified composite fluoride conversion film (CaFy/MgF5) on AZ31 Mg
alloy. The results indicated superhydrophobic response of composite
fluoride conversion coating with an average water contact angle of 152°.
Therefore offered better corrosion resistance than the fluoride conver-
sion film and fluoride-treated AZ31 alloy. Despite a non-toxic response
towards bone marrow mesenchymal stem cells (BMSCs), the coating was
not conducive to BMSCs adhesion.

e Organic Conversion Coatings (OCCs): The currently investigated
inorganic coatings show excellent adhesion strength, yet there are
several issues like poor osteointegration, non-biodegradability,
metal contamination that need to be addressed for its clinical
usage [110]. Organic conversion coatings based on biodegradable
organic polymers are a promising alternative approach. Organic
polymers with chelating functional groups can be quickly bonded
with the Mg surface [111]. Such chelating groups on the top coating
layer provide anchoring sites for deposition of additional coating
layers of the same or different composition. Moreover, they act as
inherent hosts for inhibitors-loaded nanoreservoirs to impart
self-healing characteristics at mechanically damaged coating sites.
Most OCCs are carried out using weak organic acids like tannic acid
(TA), vanillic acid (VA), stannic acid (SA), gallic acid (GA), and
phytic acid (PA) [112]. They form insoluble complexes by chelation
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with metallic ions released from the substrate at damaged site, which
imparts self-healing coating characteristics [113]. Additionally, the
OCCs are widely explored for producing super-hydrophobic anion
surfaces, which show significant corrosion resistance [114,115]. Saji
et al. [112] investigated that the presence of p-phases in Mg alloys
affects the reaction kinetics of conversion phenomena by galvanic
coupling, resulting in non-uniform coating thickness. Therefore,
pre-treatments are primarily required before the deposition of OCCs.
Similarly, Post-treatments play an essential role in sealing spatial
defects of OCCs. Several attempts have been made to improve the
corrosion resistance of organic conversion coatings. The conversion
coating is dependent on bath composition, conversion parameters,
and pre/post coating treatments, and Table 2 summarizes the
fabrication parameters, pre/post treatments, and performance de-
tails of various OCCs developed on Mg alloys.

Liu et al. [130] obtained PA/Ca?* conversion coating on Mg-Sr alloy
by layer by layer self-assembly method to deter spatial defects. The
introduction of Ca" significantly enhanced PA’s inter-molecular che-
lation ability, which resulted in spatial defect-free coating morphology
with self-healing characteristics. The PA/Ca®' coated substrate
demonstrated improved electrochemical corrosion resistance compared
to uncoated substrate. The PA/Ca" coated sample showed an increase
in expression for alkaline phosphatase activity (ALP) by 60% compared
to the uncoated sample, signifying osteoblast and osteogenic differen-
tiation response of coated substrate. To enhance the corrosion resistance
of OCCs, Lin et al. [131] fabricated a noble coating architecture with an
organic gallic acid layer sandwich between synthetic PLGA polymer
layers on ZK60 Mg substrate for bioresorbable coronary artery stents.
The coated sample shows a positive shift in Eqo to —0.24 Vgcg from
—1.59 Vg, for bare substrate with a decrease in I o nearly 10* times.
Apart from highly corrosion resistance behaviour, coated samples show
a hemolysis rate of 2.1%, which was less than the clinical bio-safety limit
of 5%. Interestingly, GA acts selectively against smooth muscle cells
(SMCs) and endothelial cells (ECs). In a 48-h long wound closure study,
coated samples show 14% more proliferation towards ECs and inhibit
SMCs growth by 4%. Additionally, the uniform release of GA via sand-
wich PLGA layers enhanced the free radical scavenging by 35%
compared to bare substrate in diphenyl-2-picrylhydrazyl (DPPH) media.
Thus, anti-oxidative ability eliminates the oxidant stress for vascular
tissues and promotes endothelialization. The investigations on OCCs are
limited to weak organic acids only. A comprehensive research gap is
available to investigate composite/hybrid forms of phenolic molecules
like TA, SA, PA, ECGC with synthetic polymers like PCL, PLA, PDA, and
PLGA for enhanced corrosion resistance and bio functionalities.

Furthermore, many polyelectrolytes and nanoparticles are known to
induce Ca-P conversion coatings on Mg alloy. Cui et al. [132] have
developed a novel SnO,-doped Ca-P coating on AZ31 Mg alloy. The
embedded SnO, nanoparticle enhanced the structural integrity and
crystallization of the coating. Additionally, they acted as heterogeneous
nucleation sites where Mg and Ca?" combined with PO3~ ions [133].
Unfortunately, the porous structure of the coating results in poor
bonding strength, not sufficient to be used for clinical applications.
Polyelectrolytes have recently attracted attention by inciting Ca-P
conversion coatings on Mg alloys as they facilitate heterogeneous
nucleation of Ca-P precipitates with uniform coating deposition. Sha-
naghi et al. [134] reported that the Ca—P layer deposited on PAA-coated
AZ91 Mg alloy significantly improves the osseointegration response.
Using a special heat treatment, yang et al. [135] developed a defect-free
SiO2/PAA coating that acts as a template for mineralizing Ca-P layers on
AZ31 Mg alloy. The dense precipitation of Ca—P on SiO5/PAA enhances
the corrosion resistance and cytocompatibility response.

3.1.2. Micro arc oxidation (MAO) coatings
MAO, also known as plasma electrolytic oxidation (PEO) or anodic
spark deposition (ASD), is an electrochemical technique to grow oxide
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Table 2
Various OCCs with subsequent pre/post coating treatment details for biodegradable Mg alloys.
Coating Bath Composition pH Temp, Duration, Adhesion strength Ecorr (V/SCE) Teorr (A/cm?) Corrosion Pre/post treatment Ref.
¢ mins (MPa) Uncoated Coated Uncoated Coated rate
(mm/
year)

PA-HA composite 0.70 wt % PA Soln, 4.5 40 20 - -1.60 -1.41 40.20 x 2.28 x - - [116]
35-50% (wt/wt) HA 10°° 10

PA-Ce(III) nanocomposite 5 mM PA, 20 mM CeCl; - - 3 5B —1.46 -1.37 3.47 x 4.71 x - Coated sample treated in ethanol/HDMS [117]

1073 1078 (10p1/10 ml) solution for 6 h to obtain
superhydrophobicity with contact angle
(167.3°).

Vanillic acid 1.0 mmol/L Vanillic - 20 1440 - —1.53 —1.40 56.9 x 0.58 x - Pre-treatment of uncoated substrate in 1 [110]
acid soln. 10°° 10°° M NaOH for 24 h.

Vanillic acid 1.0 mmol/L Vanillic - 20 1440 - —-1.41 -1.25 - - - Pre-treatment of uncoated substrate in [118]
acid soln. NaOH for 1.5 h

PA-Stannic acid multilayer 2 g/L Ce(NO3)3, 10ml/L. 6 40 20 - —1.42 -1.28 1.81 x 2.12 x - MAQO Pre-treatment in 10 g/L Na,SiOs, 3 [119]
H,05) 1074 1077 g/L NaOH, and 10 ml/L triethanolamine.
(Step-1)
20 g/L NaSnOs, 4 g/L. 12,5 60 60 -
NaF, 3 g/L NaOH
(Step-2)

PA/Silane hybrid PA and y-APS Soln. with 8 20 30 - -1.70 -1.61 49.41 x 3.95 x - Pre-treatment of uncoated substrate in 3 [120]
molar ratios (1:1, 1:2, 10°° 10°° M NaOH at 80 °C for 24 h
2:1), mixed with 40 ml
EtOH/H,0 soln.

CaP/Collagen 23.6 g/L Ca 2.8 37 10 - —1.47 -1.23 27 x 87 x - Post treatment of Ca-P converted sample [121]
(NO3)2-4H20, 34.2 ml/L 10°° 1078 by dipping in Col soln. for 15 min.
H3PO4, 7 mg/ml Col-I
Soln prepared in
0.005 acetic acid.

HA/Tannic acid 0.05 g NagPOy, 0.25 g 4 37 540 - —1.46 —1.30 4.89 x 5.64 x - Pre-treatment of uncoated substrate in 1 [122]
NayB;04, 0.04 g 10°° 1078 M NaOH for 24 h followed by heating at
Cr6Hs2046, 0.05 g 150 °C for 24 h.
NH4VOs3, 0.055 g
K3ZrFe, and 0.02 g
HNO;
in 50 ml DI H,0
(Step-1)
14 mmol/L Ca(NO3),, - 37 2880 -
8.4 mmol/L NaH,POy,
4 mmol/L NaHCO3
(Step-2)

MgF-Tannic acid 40% HF (v/v) soln., TA 10 25 1440 (HF) - - - - 0.24 x - Pre-treatment of uncoated substrate in 5 [123]
was dissolved in 2 mg/ 180 (Ta) 10°° M in boiled NaOH for 3 h
mL Tris-HCl soln to
obtain 2 mg/mL final
conc.

Chitosan-Tannic acid Chitosan (Mw 1.8 x 10%)  — — - Gmax (UTS) of - - - - - To analyse tannic acid release profile [124]
and tannic acid (Mw coating after 0, 24 coated sample immersed in SBF (pH 7.4),
1701.2 g/mol) were and 48 h of SGF (pH 1.2), SIF (pH 6.8) and found
dissolved (50:50, 50:80) immersion in PBS suitable for pH around 7.
in 0.1 M acetic acid with was 3.5, 7.5 and
2% conc. 5.5 MPa

Chitosan (CHI)/Bioactive 1.5-6.0 g/L CHI soln. in 3.31-3.62 75 15-120 - - - - - - - [125]

(continued on next page)
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Table 2 (continued)

_ _ _ _ _ layers on metallic substrates. MAO produces stable coatings with higher

o & § & 3 & bonding strength and wear resistance, when compared to other anod-

& - - - - - ization techniques like electrophoretic or electrochemical deposition

< T oL b - & [136]. The set-up consists of an anode (i.e., the substrate), an electrolytic
= *2 gc s 5 2 5 B media, and a cathode, usually stainless steel. The coating composition
v O 25) =1 —_ .

S & R _ié 5 g bt g 8 and morphology are dependent on process parameters; applied voltage,
= b0 g g 2 N . . . s

S % 2 (;3 2 é ég 2 E % bath chemistry, pulse frequency, and reaction time [137]. Typically,
e ; 25 g § S & E = MAOed Mg substrates have micro-sized pores [138]. Porous coatings are
= SIS =5} Y . © . .

g 2 E z E S § £s g E not recommended for long-term implant applications, because ions can
< b=} =] e ~ . .

g < = - e £ E 3 = = penetrate the pores and damage the Mg substrate with prolonged im-

3} —~ 5 8.2 - N . . . . . .

g R <y ii 82 = o & & mersion in physiological media. Thus, alone MAO coatings are not

s ScSa8g2s &g s e Lo .

| § g 5 g EE .'E G| Eoé g g enough for significant shielding of Mg-based implants.

g 3 % f £ 5 g :E‘ T w g s s Several studies [138-141] indicated that the addition of trace ele-

=] =1 51 = =

g E g _‘g g % %é o~ a% g 28 9 ments like Ca, P, and Zn to the electrolytic media significantly reduced

A <SSRT SIS EART A A the pore sizes in MAO coatings. This may be attributed to their deposi-

B tion at pore openings. Bakhsheshi-rad et al. [112] deposited Zn-HA

2 incorporated MAOed coating on Mg-Ca alloy. The corrosion rate of

g P g g y

o .

Eg é g = B 3 the Mg—Ca sample (4.5 mm/year) was reduced to 0.2 mm/year, further

CE=> © c e : reduced to 0.02 mm/year by adding TiO,. Additionally, author claimed

s a enhanced anti-bacterial response and cellular adhesion of TiOy-ZnHA
=
2 X o 2 v - o? 5 o? MAOed sample towards gram-negative bacteria and MG-63 cell line,
S s2 Sl S0 +2 &2 respectively. Tang et al. [142] added ZrO, nanoparticles in an electro-
P y g P

ﬁ; lytic solution to produce Zr doped MAO coating on AZ91 Mg alloy. The

E g y a e y x author claimed that under the high temperature of discharge spark, a

vg g 21 % ; % :‘ G % T stable Mg,ZrOs compound is formed and deposited in the micro-pores of

=12 R =~ e coating. Compared to MAOed AZ91, the average pore size reduced from
< « 40 mm to 10 mm, which increased corrosion resistance by six orders of

— 1Ny n (=] N
% 2 @ 8 = @ magnitude. Wen et al. [143] reinforced the HA matrix with graphene

a © ' : ‘ : : oxide (GO). The GO-HA MAOed coating substantially reduced the

- pore-density as shown in Fig. 5 (a) and (b), which resulted in a 58-fold

~

S| g o o o ~ i drop in Iy, from 2.12 mA/cm? for an uncoated sample to 36.43

= 8 n n 2] n © 2 . .. .

m§ g = = = = i pA/cm?, respectively. Additionally, GO contains abundant carboxy and
carbonyl functional groups, which created strong interfacial bonding via

£ Vander-wall forces with HA molecule and promoted HA attachment

5 resulting in adhesion strength of 40.7 MPa. An alkaline electrolytic so-

E lution using Ethylenediaminetetraacetic acid (EDTA) was prepared by

% = Gu et al. [144] After the MAO coating of AZ31 Mg alloy, the sol-gel

ﬁ % @ & & B dip-coating technique deposited the HA layer. The chelating ability of

resulted in strong and uniform eposition with effective
EDTA Ited i g and unifi HA depositi ith effecti

o = sealing of spatial defects, as shown in Fig. 5(c). Consequently, The Eq;r

-% " 3 from —1.24 V for MAOed AZ31 shifted to —0.309 V for the HA-MAOed

5 =2 3 S o g 2s8 AZ31 sample. The HA-MAOed AZ31 sample maintained Eq values of

A E 3] ~ I33) I N2 ® . . . : X . N
—0.59 V after immersion in physiological media for seven days, indi-

& cating effective corrosion inhibition.

E 5 ﬁ 5 o 9 To obtain a novel self-sealing approach, Daavari et al. [145] pro-
posed in situ formations of biocompatible and high strength
multi-walled carbon nanotubes (MWCNTs) on MAO coating. Besides
promoting tissue response and lubricity, MWCNTs have a unique ability

Z 2 N , , to bridge crack-tips caused by high electric discharges, resulting in a
smooth and uniform coating surface. The I, was significantly

TS — 2 =] decreased by nearly 10° times when compared to the MAOed AZ31
52 LB 2 _ y y p

: Eo w '% £ o g g sample. Authors also claimed the introduction of MWCNTs to improve

£ s = . . ..

3 g = E g £ < £ the dry wear performance of MAO coating by reducing the coefficient of

é 5 ; g § E § S % 5 friction (p) by 15% and wear depth by 60% compared to MWCNT free

s 5= E CL-R ; =2 coating.

o Y ~ = . . .

5 & S @ 288 5L =5 A polymeric top-coat is widely reported to seal pores, and man

i <y Eg E 2g % S35 <S3 . Y . Y . . Y

| oo oA ~EA #cS 35S studies on polymer-MAO composites/multilayer coatings have also been
reported [146-149]. However, the permeable matrix of polymer coating

9 E ° E 2 offer pathways for the diffusion of aggressive ions. With prolonged im-
'E bt = T s fg« mersion, such ions successfully reached the base Mg substrate. Once
8 < = =1 . o es
, § E g E o S corrosion phenomena are initiated, the abundant release of Hy causes
~ =i g B} 3] . . . .
S 3 g 5 &5 § blisters formation. The accumulation of Hy under polymeric layer makes
< < o] 9oy . . . .
< g § = g @‘ = % g & them grow and ultimately burst with prolonged immersion [150].

2 < E«g 5< 2 % S E,:g & b Additionally, polymeric layers are prone to swelling and subsequent

:Jg E £z g 2 E.‘: IS E ;:) delamination in the presence of physiological media [151]. Therefore,
recent studies are oriented to address the challenges related to polymeric

726



N. Singh et al.

Bioactive Materials 19 (2023) 717-757

Fig. 5. SEM morphologies of (a) MAOed AZ31 (b) HA/GO coated MAOed AZ31 Mg alloy, reproduced with permission [143]. Copyright 2017, Elsevier and (c) EDTA
functionalized HA coating on MAOed AZ31 alloy. Reproduced with permission [144]. Copyright 2018, Springer.

top-coats for MAO pore sealing. Kannan et al. [152] fabricated an
inorganic Ca-P layer sandwiched between the MAOed and PLLA layers
on pure Mg substrate using a spin coating technique. The triple-layer
barrage positively shifted the Ecq with significant drop in Icoy from
28.79 pA/cm2 to 0.24 pA/cmZ. However, the evaporation of organic
residue from the Ca-P layer and chloroform from the PLLA matrix cre-
ates spatial defects in the polymeric top layer. Butt et al. [153] cladded a
5-10 pm thick PLA layer on MAOed AZ31 Mg alloy by injection
moulding. The author reported that micro-anchoring sites on MAOed
surfaces resulted in mechanical locking of the PLA layer. The electro-
static interaction between PLA and MAOed layers resulted in a highly
compact two-layered coating with effective sealing. Only 0.14% weight
loss was observed after immersion in Hank’s solution for 30 days. After
immersion, the drop in ultimate tensile strength (UTS) for the
PLA-cladded MAO sample was 15% lower than alone MAOed sample.
Currently, Polyacrylamide (PAM) hydrogels are gaining interest in
enhancing MAO coatings’ shielding efficiency. PAM hydrogels have a
unique combination of hydrophilic and hydrophobic functional groups
that promote in-situ binding in aqueous media and expand the 3D
polymeric network for effective covering of underlying substrate. Guo
et al. [154] coated Ce-loaded PAM hydrogel on MAOed AZ31 Mg alloy.
The Ce?* ions encapsulated in the polymer matrix oxidized to the more
stable Ce*" ionic state during exposure to physiological media. The
packing of Ce** ions compacts as the PAM is swallowed by an aqueous
solution, which effectively sealed MAO defects. When the coating is
mechanically scratched, the release of Ce ions from the PAM matrix
forms a compact layer of CeO; on the scratched area, imbuing it with
self-healing properties. Similarly, Zhang et al. [155] deposited a highly
stable and biosafe compound Ce-IV between the MAO micro-pores. The
pore size of MAOed Mg ranging between (1-5 pm) were entirely closed
by the cerium compound, which enhanced the corrosion rate from
10.25 x 1073 to 4.27 x 10~ mm/year. Recently, Zhang et al. [156]
reported the achievement of self-healing characteristics for pore sealing
on MAOed AZ31 alloy by incorporation of bovine serum albumin (BSA)
in PBS media. BSA adsorption was caused by electrostatic attraction due
to the difference in isoelectric point of BSA (plgsa 4.7 < pH 7.4) and
MAOed AZ31 (pImao 12.4 > pH 7.4). During active corrosion of MAOed
AZ31 sample in PBS media, the RCH(NH3)COO™ group of BSA molecule
combined with Mg2+ ions formed an (RCH(NH3)COO),Mg complex on
the surface that effectively sealed the MAO pores and acted. Thus
effective shielding against aggressive ions significantly drops the I by
10* times compared to alone MAOed coated sample. Typically, MAO is
an anodic coating deposited on secondary phase particles in Mg alloy. Ly
et al. [157] observed that coarse size and randomly distributed sec-
ondary particles in Mg alloy increase the coating porosity. The author
carried out Equal angular channel pressing (ECAP) Mg-Zn-Ca alloy
before deposition of MAO layer. The secondary phase particles
CapMgeZng were fragmented and uniformly redistributed. The smaller
grain size resulted in small-sized micro-arc discharge channels, which
resulted in the reduction of avg. pore size from 0.77 pm for MAOed
sample to 0.43 pm ECAP/MAOed sample. The corrosion rate of the
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ECAP/MAOed (0.087 mm/year) sample was nearly ten times lower than
the MAOed sample. Xiong et al. [158] pre-treated AZ80 Mg alloy with
LSP to obtain grain refinement. The fine-grained surface attributed
limited pore channels and reduced average porosity. According to the
stress corrosion cracking (SCC) results, AZ80 Mg LSP/MAOed samples
fail after 22 h at ultimate tensile stress (UTS) of 267.3 MPa, while the
MAOed samples fail after 13 h at 225.5 MPa. The size and distribution of
micro-porosities strategically influence the corrosion resistance, adhe-
sion, and biocompatibility response of MAO coatings. More chemically
and mechanically driven pre-treatments and post-treatments techniques
must be explored deliberately to tailor the micro-porosities in MAO
coatings.

Electrophoretic deposition (EPD) is another widely used electro-
chemical technique for the preparation of bioactive coatings on MAOed
Mg alloys. Combining their approaches can significantly reduce degra-
dation rates and improve the biocompatibility, or other desirable
properties of Mg alloys. Typically, a thick oxide layer was fabricated
using MAO to enhance the corrosion resistance of the underlying Mg
substrate; EPD was used to seal the porosity associated with MAO layer
and provide desired functionalities. Wu et al. [159] developed MAO and
MAO/EPD coatings on AZ31 Mg alloy. MAO coatings exhibit improved
corrosion resistance with increasing coating thickness. By increasing the
thickness of the EPD coating, the corrosion resistance was marginally
enhanced. However, the EPD coating effectively reduces micro porosity
and micro cracks in MAO coating, MAO and EPD together yielded
corrosion resistance in the range of 10® Q cm? in corrosive media.
Several studies have reported the fabrication of various Ca-P coatings
including HA [160-163] and FHA [164,165] by combination of MAO
and EPD techniques. Yu et al. [140] fabricated EPD processed FHAp
coating on MAOed AZ31 Mg alloy. Compared to FHAp and MAO alone,
FHAp/MAO coating significantly improved cell adhesion, proliferation,
and alkaline phosphatase expression. Bakhsheshi-Rad et al. [166] pre-
pared a TiOz incorporated micro-arc oxidation coating (TMAO) followed
by electrophoretically deposited zinc doped HA (ZnHA) coating on
Mg-0.7Ca alloy. In comparison to TMAO and ZnHA alone, TMAO/ZnHA
coatings demonstrated a greatly enhanced inhibition zone against
Escherichia coli (E. coli) without compromising the cell-viability of
MG63 osteoblast cells.

3.1.3. Anodic oxidation

The anodic oxidation coating technique uses the principle of classical
electrochemical conversion to create a film of varying thickness (5-200
pm) on a substrate. During anodization, Mg (i.e. substrate) serves as an
anode and an oxide film is grown on the Mg substrate in presence of
aqueous or non-aqueous electrolyte [167]. Being simplest surface
modification technique, anodic oxidation coatings are widely reported
for efficient corrosion resistance and bioactive response on Mg alloys
[168-171]. However, it is difficult to grow protective anodic layers on
Mg and Mg alloys due to the unfavorable Pilling-Bedworth ratio (PBR)
for MgO [172]. PBR is defined as the ratio of the volume of metal oxide
to the volume of the corresponding metal oxidized to produce the oxide.
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The Oxide layer would not protect a metal surface if PBR is less than
unity, because the oxide film formed in that case would be porous or
cracked, as usually happened in magnesium’s case. Therefore, it is
necessary to promote the incorporation of species other than 02~ in the
electrolytic media to improve the Mg and Mg alloy corrosion resistance
through anodic oxide layers. Recently, Zaffora et al. [172] carried out
anodic oxidation of AZ31 Mg alloy in K;HPO4 and K3PO4 containing hot
glycerol electrolyte to facilitate the formation of Mg3(PO4)2, which ex-
hibits superior PBR and corrosion resistance than MgO layer. Addi-
tionally, Mg3(PO4) containing oxide layer show better cellular response
for MC3T3-E1 cells compared to MgO layer. According to Geng et al.
[173] the composition of Mg alloys effects the corrosion resistance
offered by oxide layers. Using the same anodization parameters, Mg-1Gd
and Mg-1Zn-1Gd yielded MgO, and Mg3(PO4)2 containing oxide layers
with more crystalline and defect-free structures, while MgO and Al,O3
containing oxide layers on AZ31 Mg alloy showed higher porosity and
larger pores. Consequently, Mg-Gd alloys shows better long-term
degradation performance compared to anodized AZ31 Mg alloy. Since,
anodic oxidation coatings singularly cannot full fill diverse clinical de-
mands several studies reported their combination with chemical con-
version [174,175], electrodeposition [176], LDHs [177], sol-gel [178]
coating techniques. These coatings exhibit promising improvement in
corrosion resistance and bioactivity of Mg alloys.

3.1.4. Ion implantation-

Ion implantation/Ion beam processing is a technique for introducing
highly energetic ions (10-200 KeV) on substrate surface via bombard-
ment. Ion implementation set-up consists of three main components: an
ion source, ion accelerator, and target material. This surface coating
method modifies the surface tribological characteristics, resulting in
improved adhesion between the coating layer and substrate [179]. Two
methods can achieve ion implantation: conventional beam-line ion im-
plantation and Plasma Immersion ion Implantation (PIII). The primary
advantages like selective surface modification, low temperature, and
reproducibility are significant for coating Mg alloys [180,181]. How-
ever, amorphization caused during ion implantation causes surface
devoid of grain boundaries, resulting in enhanced corrosion [182]. As
ion implantation is a non-thermodynamic process, studies have reported
the generation of compressive residual stresses and increased surface
roughness of the ion-implanted surface. A wide range of ion implanta-
tions on biodegradable Mg alloys is reported in the literature, as shown
in Table 3. Implantation of Al, Zr, Ce, Sn, Ca, and N ions revealed that
the gradient structure of ions in the metal matrix provided a passive
oxide layer of the metal substrate and implanted ion [183-185]. The
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compactness of the composite oxide layer formed at the ion-implanted
surface plays a crucial role to enhance the in vitro corrosion resis-
tance. Liu et al. [186] conducted Ag, Fe, and Y ion implantation on Mg
-1Ca alloy. The non-uniform aggregation of second phase particles at
grain boundaries resulted in an oxide layer with uneven thickness.
Additionally, the increase in surface roughness enhanced the corrosion
activity for Ag and Fe ion-implanted samples. However, Y ion implan-
tation resulted in a compact Y203 layer with minimal MgO presence,
decreased the corrosion rate to 0.69 mm/year. Jamesh et al. [187]
fabricated Zr ions using the PIII method on ZK60 Mg alloy. Authors re-
ported that Zr exists as Zr** ions due to the high energy imparted by PII
(i.e., 182.2 KeV). Zr** possesses a very high tendency to form zirconium
phosphates instead of calcium phosphates in psychological media,
resulting in unstable and soluble apatite [188].

Dual ion implantation has been reported to overcome the limitations
associated with single ion implantation. Jamesh et al. [189] investigated
the effects of dual ion Zr/N PIII coating on corrosion resistance of WE43
Mg alloy. The formation of ZrN, ZrO, oxides efficiently passivates the
Mg substrate and promotes the mineralization of calcium phosphate
instead of Zr-P after immersion in DMEM solution. Similarly, Cheng
et al. [190] conducted Zr/N dual ion implantation on AZ91 Mg alloy in
female Sprague-Dawley rats. In vitro cytocompatibility test on MG-63
cell line enhanced cell viability and ALP activity. Consequently, in-vivo
bone formation improved significantly, as shown in Fig. 6. Despite the
anti-inflammatory response, mature and intact bone tissues were found
on Zr-N coated AZ91 implant compared to the uncoated implant. The
compact oxide layer consisting of metal nitrides/oxides features neutral
pH and limited release of Mg ions in the DMEM media. Limited work has
been reported for the complex corrosion behaviour of dual ion imple-
mented Mg alloys in physiological media.

Recently, Istrate et al. [196] employed a unique atmospheric plasma
jet (APS) method in order to deposit ZrO-Y203 and ZrO»—CaO coatings
on Mg-Ca and Mg-Ca-Zr substrates. Both coating types show similar
Young moduli and a hardness within the range of 0.2-0.4 GPa. For
Zr0O,-Y503 and ZrO,—CaO, the elastic modulus values were measured
between 11-27 GPa and 16-31 GPa, respectively. Compared to ZrOs.
-Y203, ZrO,-CaO provides a superior corrosion rate and better adhe-
sion. In the MTT colorimetric tests, moderate cell viability was observed
between both coating types, indicating no significant differences in
cytocompatibility.

3.1.5. Alkali heat-treatment coatings-
In alkali heat-treatment coatings, Mg alloys are exposed to a super-
saturated aqueous solution of NaHCO3, Na,HPO4, and NayCOj alkaline

Table 3
In-vitro corrosion performance of Mg and Mg alloys after implantation of various ions.
Substrate Ion implanted ionic oxide layer Ionic Penetration (nm) In Vitro corrosion conditions Teorr Teorr Corrosion rate Ref.
(nm) uncoated Coated (mm/year)
(A/em?) (A/cm?)
AZ31 Al - 13 SBF, 37.5 °C 282x107° 336x10° - [184]
AZ91 150 x107*  582x107° -
ZK60 Zr, O 23 80 SBF, 37 °C 409 x107* 1.1 x 1077 - [187]
WE43 Ti, O 32 64 SBF 3.27 x 107* 1.44 x 1075 — [191]
Mg-1Ca Ag 50 70 Hank’s solution, 37 °C - - - [186]
Fe 70 110-120 - -
Y 95 105 - 0.69 + 0.18
Pure Mg Ce 26 70 Artificial Hand sweat 1.06 x 104 3.99 x 107° - [183]
Ringer’s solution 418 x107° 268 x107° -
DMEM 2.04 x10° 520x107° -
Mg-Gd-Zn-Zr  Sn - 90 SBF 117 x 10°° 574x10°% - [192]
AZ91 Zr, N 16 80 NaCl 4.26 x 107° 1.16 x 10°° - [190]
DMEM 1.08 x10™°  3.92x1077 -
Mg-1Ca Zn - 150 SBF, 37 °C 2.48 x 1074 321 x107% - [193]
Pure Mg Ca 45 30 SBF, 37.5 °C 1.61 x 1074 1.00 x 107* - [182]
Zn 1.40 x 107% -
AZ31 N - 200 Hank’s solution, 37 °C - - - [194]
Pure Mg Zr 30 60 SBF 5.26 x 107° 199 x10°° - [195]
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Fig. 6. (a) Micro-CT 2D characterization of uncoated and Zr-N coated AZ91 Mg alloy after 4, 8, and 12 weeks of implantation at predrilled bone tunnels of lateral
femur epicondyles in female Sprague-Dawley rats (The red arrows depict the formation of new bone, the yellow arrows show formation of gas cavities) and 3D
reconstruction of bone (pink color) and implant (white color) after 12 weeks of surgery, (b.i) Hematoxylin and eosin (H&E) stained images, (b.ii) Van Gieson’s
picrofuchsin stained images showing bone formation (yellow arrows) at uncoated and Zr-N coated AZ91 implant, (c) Bone-to-implant contact percentage of uncoated
and Zr-N coated AZ91 after 12 weeks of implantation. Reproduced with permission [190]. Copyright 2016, Elsevier.

compounds in an autoclave maintained at high temperature (i.e. ~
500 °C). The pH value of solution decides the density, thickness, and
morphology of the coated layer [197]. Usually, alkali heat treatment
produces thick coatings consisting of crystalline Mg(OH), flakes and a
stable hydroxide with good adhesion and corrosion resistance. Tang
et al. [198] reported adhesion strength of 60 MPa between Mg(OH),
layer obtained by alkali heat-treatment. However, numerous spatial
defects like pores and cracks limit its tendency as an efficient physical
barrier to isolate underlying Mg substrate in corrosive media for longer
immersion times. Additionally, chlorine ions in the SBF transform Mg
(OH); into a highly soluble MgCl2 compound, as shown in Equation (1):

Mg(OH), + CI~ — MgCl, + OH™ )

The excess of OH™ ions increases Hy evolution, which enhances the
degradation rate of Mg substrate with prolonged immersion [199].
Therefore, these coatings are not preferable as a top layer. However, as a
primer layer, they are well established for better corrosion resistance
and the middle layer for strengthening the adhesion between the sub-
strate and the outer layer [200]. In contrast, some studies utilized it as a
post-treatment technique to convert amorphous dicalcium phosphate
dehydrate (DCPD) coatings to highly crystalline HA coatings, which
efficiently shielded the Mg substrate in physiological media [3,141,201,
202].

Recently, Pan et al. [203] employed alkali heat-treatment as a
pre-treatment on AZ31 B Mg alloy before the deposition of a multilay-
ered self-assembled 3-aminopropyltrimethoxysilane (APTMS), poly
(ethylene glycol) (PEG), and fibronectin/heparin complex coating. The
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significant hydrophilicity exhibited by alkali heat treatment promoted
the immobilization of coating layers and resulted in stable multilayered
coating architecture. The alkali heating treatment significantly
improved the corrosion resistance, resulting in favourable cellular
growth conditions. Hence, the cytocompatibility towards endothelial
cells was significantly augmented. Additionally, Author reported a
notable enhancement in hemocompatibility due to significantly lower
hemolysis rate and higher platelet adhesion.

3.1.6. Layered double hydroxide (LDHs) coatings

LDHs coatings possess a unique class of coatings on Mg alloys, which
can be achieved by in-situ and ex-situ deposition techniques. LDHs are
hydrotalcite-like (HT) compounds composed of noble anionic clays with
layered brucite structures [204]. The General formula for LDHs is M2%
Mzt (OH)21X" (A™)y/m. nH,0, here M2*, M3 symbolizes layer of
divalent metallic cations (e.g. Mg, Co*" Zn%", Mn**, Cu®*, Ni®*") and
trivalent metallic cations (e.g. AlI*T, cr*t, v3*, Fed*, Mn*, Y3
respectively [205]. A™ is the layer of intercalated anions between two
subsequent cationic layers. The nature of intercalated anion may be
either organic (e.g. Asp, PA, LA) or inorganic (e.g. NO3, Cl°, P03,
CO%7). M is the charge of intercalated anion; whereas x represents the
molar ratio of M>*/(M3* + M2") typically ranging between 0.20 and
0.33 [206]. The LDHs synthesis involved the controlled dissolution of
the Mg substrate. Generally, Al-rich Mg alloys like AZ31 are the most
favourable and investigated alloy for LDH coatings. The release of MgZ*
and AI*" ions from the substrate during dissolution provides a necessary
supply of cations for the formation of the cationic layer [207]. These
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cations occupy the octahedral holes in the brucite Mg(OH), layer, and
interlayer anions intercalate such cationic layers to balance the charge
[208]. In the presence of corrosive media, the anions in the double layer
structure are replaced by the aggressive anions (such as Cl ), and anion
exchangeability is decided by anion exchange equilibrium constants of
various LDH anions in the order: CO%’ > SO?{ >0OH >F >ClI” >Br
> NOz > I" [208]. The significant capturing of Cl~ ions reduces
aggressive ions in corrosive media. Furthermore, the replaced ions from
double-layer structures bind with metal ions to form physio-chemically
stable precipitates on the coating surface. The corrosion effectiveness of
coating depends on the ion-exchange rate of intercalated ions. Thus, the
anions equipped with corrosion inhibition, self-healing, self-cleaning,
biocompatible, anti-bacteria features provide great potential for a
multifunctional approach of LDHs coating on Mg alloy for implant
application. It can be seen that the majority of intercalated ions are
inorganic and participation of organic anions is minor, although organic
compounds are considered more bio-functional than inorganic com-
pounds [209]. One major reason behind such observation is high tem-
perature and pressure conditions. However, ex-situ LDH techniques like
co-precipitation (CPT), electrochemical deposition (ED), and Spin
coating are suggested as substitutes, but they have limitations of poor
adhesion and time consumption [210].

Recently, various inorganic/organic composite and hybrid LDH
coatings have been developed to enhance corrosion inhibition, as sum-
marized in Table 4. Cao et al. [208] fabricated Superhydrophobic
MgAI-LDH coating by intercalating F~ anion. An additional layer of
stearate acid was created on MgAI-F-LDH by immersion method. The
superhydrophobic behavior (CA = 152.6°) given by stearic acid signif-
icantly reduces the adsorption of Cl~ ions. The superior ion exchange-
ability of F~ stockpile a large amount of C1~ ions and make a stable MgF,
compound on the coating surface, which further suppress the attacking
of aggressive ions. Coating remains intact after 30 days of immersion in a
3.5% NaCl atmosphere with only 3% water uptake compared to 18%
shown by alone LDH coating. Recent attempts have been made to ach-
ieve self-healing LDH coating by depositing an additional layer of
healing agents on LDH coating or introducing healing molecules as an
active cation in the double-layered structure. Li et al. [211] proposed a
bio-friendly thiophene derivate corrosion inhibitor (CI) for self-healing
of Mg-Al-LDH coating by fabricating a noble N-alkyl-N, N-dime-
thyl-N-(3-thienylmethylene) ammonium bromide (NTA) molecule and
deposited on MgAI-LDH by immersion method. Along with a highly
positive shift in E.yy, the stable physiochemical adsorption of NTA
provides significant self-healing character on damaged Mg site as sys-
tematically shown in Fig. 7. It is worth noting that the biocompatibility
of the NTA molecule was not reported. In a unique approach for
self-healing, Asl. et al. [212] replaced AI** cation in the conventional
MgAl-CO% structure with Ce®' cation by co-precipitation (CPT)
method. On mechanical scratching of the coated substrate, the oxidation
of trivalent Ce3" ion resulted in the formation of tetravalent Ce** ion,
which formed a highly stable metallic complex with a low solubility
index (Kgp, 2 x 10~8), giving super self-healing characteristic. However,
due to the size mismatch between Mg?" and Ce®* ions, the long-term
stability of coating architecture with prolonged immersion in physio-
logical media is yet to be established.

The latest LDH coatings are still struggling to impart in-situ bio-
functional behavior, although they have tremendous encapsulation
ability to deliver drugs, corrosion inhibitors, and other biomolecules.
However, the unfavorable processing parameters (i.e., high tempera-
ture, pressure) and the use of carbonated anions (i.e., C0O3%7), which
suffer from poor ion-exchangeability, limit the ability for in-situ loading
and release of bioactive molecules in LDH coatings. To address this issue,
Petrova et al. [226] demonstrated the formation of Mg—Al-LDH coating
on AZ91 alloy by application of organic chelating agents
sodium-diethylenetriamine-pentaacetate (DTPA) and Salicylic acid (SA)
at a low temperature of 95 °C. The Mg substrate was treated in a solution
maintained at pH value 10 + 0.1, consisting of chelating agents and
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AZ91 flakes as a source of Mg and Al ions. DTPA enhances the dissolu-
tion of Mg, while SA promotes adsorption and accelerates the growth of
LDH coating on the Mg surface. Both chelating agents’ synergistic
functioning successfully resulted in the formation of LDH coating
without the use of high temperature and pressure conditions, which
shows its potential to enhance bio-functionalization for clinical appli-
cations. However, Al, considered to be neurotoxic, may impede bone
calcification and result in osteomalacia when present in excessive levels
[210].

Meanwhile, manganese (Mn) happens not to be toxic and activates a
variety of enzymes in a physiological environment. Thus, the in-situ
synthesis of Mg-Mn hydrotalcite-like films on magnesium alloys ap-
pears suitable for clinical applications. Kuang et al. [227] developed
Mg-Mn LDHs coatings on pure Mg by an in-situ growth method, which
were chemically modified by adsorption of myristic acid (MA). After
modification with myristic acid, the solid-liquid contact angle of the
Mg-Mn LDHs film (6.8°) was increased to 152.2°, qualifying as a
superhydrophobic coating (i.e. Contact angle >150°). The Super-
hydrophobic coatings exhibited a polarization resistance of approxi-
mately 20,000 @ cm?. This was more than twice as of Mg-Mn LDHs film,
and ten times more than pure Mg substrate. However, the drop in con-
tact angle to 60° after 48 h of immersion indicated gradual deterioration
of LDH film with prolonged immersion. Recently, Zhang et al. [228]
fabricated a black Mg—Mn(II)-Mn(III) LDH coating on AZ31 Mg alloy to
evaluate the biodegradation, osteosarcoma destruction, anti-bacteria,
and bone defect regeneration abilities. Due to the unique properties of
the constructed black LDH film, including near-infrared optical ab-
sorption and reactive oxygen species (ROS) generation in the
tumor-specific microenvironment, tumor cells and tissue were signifi-
cantly eliminated. Furthermore, concomitant bacteria were killed by
localized hyperthermia. As a result of the improved corrosion resistance
and synergistic bio functions of Mn and Mg ions of the constructed black
LDH film, cells were able to adhere, spread and proliferate. This resulted
in the promotion of osteogenic differentiation in vitro, and the accel-
eration of bone regeneration in vivo. Thus, MgMn-LDHs offered an
interesting coating architecture for use on orthopedic implants for the
treatment of bone tumors and related tissue defects.

3.2. Deposited coatings

3.2.1. Physical vapor deposition (PVD) —

PVD is a standard coating process for Mg and Mg alloys effectively
used for four decades for clinical applications. PVD is widely reported
for producing high-density coatings with excellent adhesion strength
[229,230]. In vacuum conditions, a negatively charged solid target is
energized by the bombardment of inert gas atoms. The excited atoms are
then transported and condensed at the positively charged Mg substrate.
PVD can be achieved by e-beam evaporation and Magnetron sputtering
[231]. Magnetron sputtering is preferred over e-beam as it is directional,
covers fewer steps, and forms shadow effect [232]. In magnetron sput-
tering, a magnetic field is configured parallel to the target surface for
constraining the electron motion; thus, highly uniform coatings are
yielded [233]. The fabrication of Ca—P and various ion substituted Ca—P
coatings by PVD magnetron sputtering is widely reported for Mg alloys,
as shown in Fig. 8.

The Ca-P coatings produced by magnetron sputtering are highly
crystalline, contributing to better bone cell attachment, growth, prolif-
eration, and anti-bacterial properties. Additionally, the Ca/P ratio can
be controlled explicitly to form desired Ca—P compound. Yadav et al.
[234] achieved hydroxyapatite coating on AZ31 by RF magnetron
sputtering with a Ca/P ratio of 1.65, close to the stoichiometric Ca/P
ratio of 1.67. The author reported the exponential increase in coating
thickness with exposure time. The roughness, R, of the bare substrate
(101 + 3 nm) increased with coating time up to 6 h and then further
decreased to a constant value (115 + 5 nm) up to 10 h. Contact angle
results revealed that uncoated samples with CA (78 + 1°) were
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Table 4
Inorganic and organic intercalated anionic LDH coatings for Mg alloys.
Substrate Coating Coating Method ~ Thickness Intercalated Ecorr (V/SCE) Teorr (A/cm?) Corrosion Additional Bio Ref.
(hm) a.n ron . Uncoated  Coated Uncoated  Coated rate functionality
(inorganic) (mm/
year)
AZ31 ZnAl-LDH Hydrothermal 9.49 NO3 —1.51 -1.33 7.48 x 2.13 x - - [213]
treatment 9.46 cl- -1.51 -1.20 107° 107°
10.27 PO} -1.51 -1.09 7.48 x 7.18 x
12.71 MoO3 -1.51 -098  10°° 10°°
15.95 \o) —1.51 —-0.88 7.48 x 3.68 x
10°° 10°°
7.48 x 3.42 x
10°° 10°°
7.48 x 3.02 x
10°° 1077
AZ31 MgAl- Hydrothermal - GO —1.56 —0.65 - - - - [214]
LDH treatment
Mg-Ca MgFe- Two-step in-situ ~ — co% -1.67 —1.51 4.31 x 3.78 x - [215]
LDH growth 10°° 10°°
Mg-3Zn- Ag-MgAl- Hydrothermal - - —1.58 —1.42 2.56 x 2.09 x - Enhanced [216]
0.5Zr- LDH treatment 10°° 10°° Cytocompatibility for
0.5Sr MC3T3 cell line.
Significant Anti-
bacterial response
against E.coli and
S. aureus.
AZ31 MgFe- Hydrothermal 17 NO3 - - - - - - [217]
LDH/ treatment
MAO
AZ31 MgAl- Co- 44 NO3 —1.40 -1.34 2.39 x 8.95 x - Biocompatibility [218]
LDH/PGA  precipitation 10°° 1078 towards NIH-3T3 mouse
and embryonic fibroblast
hydrothermal cells was enhanced
treatment
AZ31 MgAl- Steam coating/ - co% —1.46 -1.29 1.18 x 3.69 x - Cytocompatibility for [219]
LDH/ Dip coating 10°° 1078 NIH3TS3 cell line was
PLLA improved significantly.
AZ31 MgAl- Hydrothermal 20-50 NO3 -1.50 —1.52 1.22 x 1.60 x - Anti-inflammatory [220]
LDH/Zn- treatment/ nm 10°° 10°° response by polarizing
PDA immersion RAW 264.7, Anti-
bacteria response
against S. aureus and
enhanced osteogenic
differentiation was
shown for MC3T3-E1
cell line.
AZ31 MgAl- Hydrothermal 5 NO3 -1.51 —0.255  6.65 x 3.13 x - Self-repair of coating [221]
LDH/Bg treatment/Dip F -1.51 -0.324 107° 10°° assisted by ion exchange
coating 6.65 x 1.40 x process, the erosion pits
10°° 1077 were filled by deposition
of fluorapatite/MgF,
Intercalated
anion
(Organic)
AZ31 ZnAl- Hydrothermal 9.49 Asp -1.44 —1.50 6.98 x 107° 3.93 - - [222]
LDH treatment 17.01 Asp —1.44 -0.8 6.98 x 107° X
MgAl- 1077
LDH 2.76
X
1078
AZ31 ZnAl- Hydrothermal 15.65 Asp —-1.51 —1.50 7.48 x 1075 3.93 - [223]
LDH treatment 17.39 LA —1.51 -1.07 7.48 x 107° X
1077
2.77
X
1077
AZ31 MgAl- In-situ growth - 8-HQ -1.55 —0.766 8.36 x 107° 1.70 - - [224]
LDH X
1077
AZ31 MgAl- Steam coating - MA -1.45 -1.29 1.29 x 107° 1.04 - - [225]
LDH X
10°°
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Fig. 7. Schematic illustration of self-healing mechanism by NTA adsorption on mechanically damaged MgAI-LDH coating. Reproduced with permission [211].

Copyright 2020, Elsevier.
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Fig. 8. Schematic illustration of physical vapor deposition via magnetron sputtering for various ion-substituted Ca-P coatings. Reproduced with permission [233].

Copyright 2019, Elsevier.

hydrophilic, whereas, after RFMS deposited coating of HA, the sample
became hydrophobic (109 + 2°) due to micro-scale finished coating
surface. The immersion study up to 48 days in SBF revealed that the
degradation rate constant (Kg) of coated sample (0.015 h~1) lower than
the uncoated AZ31 sample (0.020 hh.

Dinu et al. [235] investigated the tribological behaviour of
RF-magnetron sputter-deposited hydroxyapatite coatings in physiolog-
ical solution on AZ31 Mg alloy. The Ca/p ratio obtained (ranging be-
tween 1.83 and 1.97) similar to trabecular bone is due to the
re-sputtering of phosphorus ions by negatively charged oxygen ions.
Texture weakening of the (002) plane of HA is observed under the target
erosion zone due to the atomic peening effect; as a result, the final
coating surface is uniform and smooth. The low friction coefficient p
(0.184 + 0.025) was found for the coated AZ31 substrate as compared to
an uncoated substrate (0.306 + 0.004). Similarly, a low wear rate was
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determined for coated (4.83 x 10~° mm3N~! m’l) than uncoated AZ31
substrate (0.00518 mm® N™! m™!). Due to the same phenomena of
texture weakening, Surmeneva et al. [236] reported the elastic strain to
failure (H/E) and the plastic deformation resistance (H3/E?) for an RF
Magnetron sputtering HA-coated AZ31 Mg alloy increased by nearly 30
and 74%, respectively.

Zhang et al. [237] fabricated Hafnium (Hf) coating on AZ91D by
Magnetron sputtering. The porosity of coated structure was improved
from 0.98 to 1.27%. Thus, generated denser structure significantly
decreased the I, with increase in polarization resistance by nearly 100
folds. However, the micro-galvanic sites were evidenced due to the
droplet effect and columnar grain size in Hf coatings. Zin et al. [238]
achieved a 4.8 pm thick TayOs layer on ZK60 Mg alloy. The coated
sample yields an .oy of 1.334 + 0.066 pA/cmZ, comparatively 543
times smaller than the I, of an uncoated sample. EIS results depicted
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that the film resistance and charge transfer resistance of the coated
sample in SBF increased by 10* folds compared to uncoated sample.
Defect-free and uniform formation of TayOs promotes corrosion resis-
tance. Hence fewer Mg?* ions leached from the coated surface, and the
Ta layer provides a favourable surface for cell attachment and prolif-
eration. Other ceramic oxide coatings like TiO3, Al03, AlOxNy, SiOo,
GO, Cey03 [239-242] achieved by Magnetron sputtering improve
corrosion and tribological behavior.

3.2.2. Atomic layer deposition (ALD) —

ALD is based on the chemical vapor deposition (CVD) method. In
contrast to conventional CVD, which requires high deposition temper-
ature, ALD is a low-temperature technique carried out in two half-cycles.
In the first half cycle, a primary precursor, usually an inorganic coor-
dination compound, i.e., a metal center with ligands (TiO, HfO5, ZrO,,)
is pumped into the reactor chamber until it reacts with available surface
groups at substrate for the formation of atomic monolayer [243]. Next,
the precursor is removed from the chamber using an inert gas (N, Ar). In
the second cycle, a co-reactant is applied, which reacts with the surface
molecules of the primary precursor. This process is repeatedly carried
out to increase coating thickness [244]. Thus, obtained ALD coatings are
self-limiting due to the occupation of all surface groups [245]. They
possess excellent conformality, facile thickness control, and pin-hole
free structure [246-248].

Yang et al. [249] deposited a 40 nm thick atomic layer of ZrO,
Nanofilm on Mg-Sr Alloy. The substrate was treated under different ALD
cycles (i.e., 100,200, 300, 400) and found that the deposition becomes
denser with the increase in no. of cycles. Thus, better corrosion resis-
tance is observed with an increase in coating thickness. The Ecq, of ZrOy
(400 cycles) shifted positively from —1.928 Vgcg to —1.75 Vs, and Leorr
(4.8 x 107 A/cmz) reduced by two-folds of magnitude as compared to
an untreated substrate (3.06 x 10~ * A/cm?). EIS study revealed that the
impedance of coated layer (R;) and charge transfer resistance (Ry) were
enhanced by 10° times compared to the untreated surface. In vitro study
depicted that ALD deposited ZrO, nanofilm composed of sufficient
binding sites for cell growth and adhesion. Efficient shielding provided
by densely packed coated layers mitigates the high alkalization condi-
tions and hydrogen evolution, enhancing biocompatibility. Considering
corrosion-assisted cracking phenomena, such as stress corrosion
cracking (SCC) and corrosion fatigue, Peron et al. [250] studied the
effect of a 100-nm-thick ALD zirconia coating on the SCC susceptibility
of AZ31 alloy in SBF. The susceptibility index for ultimate tensile
strength (Iyrs) and elongation to failure (I,) is remarkable dropped from
8.97 (bare) to 2.68 (Zr coated) and 75.1 (bare) to 18.3 (Zr coated) Mg
alloy. A decrease in susceptibility from Zr-coated sampled coincided
with less hydrogen evolution during immersion, resulting in decreased
hydrogen embrittlement. Thus, ALD-coatings show potential to protect
Mg alloys in SCC conditions.

Due to its pore sealing tendency, ALD is widely employed in com-
posite form with other coating architectures [251,252]. Recently,
Chang-yang li et al. [253] fabricated TapOs nanofilm on MAO-coated
AZ31 Mg alloy. ALD coating effectively seals the micropores and
microcracks presented in MAO coating. Linear polarization results
showed that three orders of magnitude decrease the I, of MAO/Ta05
coating compared to the substrate and alone MAO coating. Hydrogen
evolution experiment conducted by immersion test for 294 h in Hank’s
solution revealed that MAO/TasOs had lesser HER (0.005 ml em2h
than MAO coated (0.012 ml cm~2 h™1) and uncoated substrate (0.023
ml cm 2 h™1). However, pitting corrosion was observed at random sites
due to nano-gapes in the TayOs surface layer, resulting in localized
substrate damage. Similarly, li et al. [247] prepared Al-doped ZnO
(AZO) film by ALD on plasma electrolytic oxidation (PEO) coated AZ31
Mg alloy, which positively shifted the Ecy from —1.561 V to —1.343 V
in 3.5% NacCl solution. After ALD, the E.o.+ was further shifted to —0.550
V with a decrease in I.orr by two orders of magnitude compared to bare
Mg alloy. The water contact angle was significantly improved to 130° for
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composite AZO coating compared to PEO coating (~40°). The high
surface finish and nano morphology of the AZO coating contributed to
enhanced hydrophobicity, resulting in superior corrosion resistance.

3.2.3. Cathodic electrodeposition -

Cathodic electrodeposition can be achieved by two ways: Electro-
phoretic deposition (EPD) or Electrolytic (ELD) deposition process. EPD
is widely associated with the coating of bio-ceramics, mainly Ca-P, due
to its versatility, short deposition time, room temperature conditions,
and slight limitation on substrate shape compared to the ELD process
[254,255]. Recently, coatings of bio-ceramics like merwinite, diopside,
and graphene oxide have also been reported [256-258]. EPD is an
electric field-assisted process where the suspended charged particles in a
dielectric fluid are deposited on the oppositely charged substrate [259].
The coating morphology is influenced by the suspension parameters like
particle size, liquid dielectric constant, conductivity, viscosity, and Zeta
protentional of medium [260]. Additionally, the process parameters like
deposition time, applied voltage, the concentration of solid suspension,
and substrate conductivity significantly affect the process [260].

Kumar et al. [162] developed an EPDed HA coating at 20 V (10 min)
on Mg-3Zn alloy for orthopedic application. Firstly, as-casted samples
were grounded by 1200 and 2000 grit-sized silicon carbide paper and
heat-treated at 300 °C and 400 °C were referred to as HA-12- 300,
HA-12-400, HA-20-300, and HA-20-400. Through fine polishing, surface
roughness decreases from 130 to 150 (1200 grit) nm to 15-20 nm (2000
grit), which significantly influences the mechanical characteristics of the
deposited coating. The critical load-bearing capacity, hardness, elastic
modulus, and fracture toughness of the HA-20-400 sample was
improved by 50%, 30%, 26%, and 73%, respectively, compared to the
HA-12-400 sample. In terms of temperature conditions, the HA-20-400
sample exhibited increased hardness, elastic modulus, and fracture
toughness by 37%, 47%, and 48%, respectively, compared to the
HA-20-300 sample. The crystalline needle-like structure of HA achieved
by increased annealing temp improves the cohesive and adhesive
strength of the coating. The E,; of HA-20-400 coated Mg sample was
shifted positively compared to the casted substrate from —1.67 Vag/aqci
to —0.21 Vag/agct with marginal change in Icoy from 135 pA/cm2 to
5pA/in SBF due to the presence of microcracks and pores in the coating.

In contrast, Song et al. [261] focused on obtaining uniform flake-like
morphology of HA coating using lower voltage (i.e., 4 V for 2 h) for
Orthopaedic application. The flaked HA coating was helpful for the bone
tissue to infiltrate into the implants to heal the damaged bone at an
accelerated rate. The study reported a two-step ED process; Firstly
dicalcium phosphate dihydrate (DCPD) and tricalcium phosphate
(B-TCP) was formed on AZ91 Mg alloy; secondly, the as-deposited DCPD
and B-TCP on samples were transformed into HA, which further reduced
the I.orr. Current density is also a deciding factor for the morphology of
Ca-P coatings obtained by ED. Li et al. [262] evaluated the influence of
variation in the current densities (i.e., 2.5, 5.0, and 7.5 mA/cm?) on the
properties of HA coating. Increasing current density from 2.5 mA/ em? to
7.5 mA/cm? decreases the grain size from 413.65 + 63.12 nm to 264.56
=+ 65.33 nm by facilitating the nucleus formation of new crystals and
inhibition of growth phenomena. Additionally, the highest crystallinity
of 73.52% was yielded at a current density of 7.5 mA/cm?. Importantly,
HA morphology was changed to spherical particles, plate-like, flake-like,
and needle-like crystals when electro-deposited for 15, 30, 45, and 60
min, respectively, as shown in Fig. 9. Therefore, increasing current
density promotes nucleation, and increasing time promotes growth
phenomena.

Although ED is a promising candidate for Ca-P coatings with firm
control over morphology and crystallinity, literature reported poor
adhesion strength of coatings, resulting in debonding and delamination
in physiological media. During the electrochemical deposition, the OH™
ions produced at the cathode due to water reduction, accumulate Hy
bubbles on the cathode (i.e., substrate). It severely affects the nucleation
and adhesion of coatings [263]. Pulsed-electrodeposition is investigated
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Fig. 9. (1) Voltage-current time curve, (2) A, B, C, and D represent deposition after 15, 30, 45, and 60 min since reaching the balanced voltage (V). Reproduced with

permission [262]. Copyright 2019, Elsevier.

to address this issue; recently, Mohajernia et al. [264] compared the HA
coating fabricated by conventional and Pulsed ED on AZ31 Mg alloy at
—3000mV with a duty cycle of 0.2 s. Pulsed-ED HA coatings had a higher
adhesion strength of 16.5 MPa than 11.5 MPa for conventional ED HA
coatings. A pulsed-ED HA coating with a uniform and defect-free coating
structure reduced the hydrogen evolution rate from 0.01 to 0.001 ml
cm 2 h™!. The minimum adhesion strength of HA coatings reported for
clinical applications is 35 MPa [265]. Researchers follow the MAO-ED
composite coating approach to increase the adhesion strength [266].
Chen et al. [267] fabricated HA coating by ED on MAO treated
Mg-Zn—Ca alloy. The rod-like nanohydroxyapatite (RNHA) effectively
sealed the MAO pores. The pinning force generated by RNHA deposition
in the MAO pores increased the adhesion strength of HA coating up to
40 MPa. The coated samples planted in rabbit femora for 50 weeks
degraded at a slower rate of 1.24 mm/year when compared to 2.15
mm/year of uncoated substrate. The HA-coated substrate retained
structural integrity, whereas the uncoated substrate was suffered from
localized corrosion cavities and pits. The histological images of the
bone/implant interface in Fig. 10 indicated lymphocytic and plasma-
blastic inflammations around the uncoated implant, alternatively absent
in coated implant. After 50 weeks of implantation, coated implant suc-
cessfully transformed newly formed osteoclasts and bone trabecular into
mature bone.

3.2.4. Biomimetic and bioinspired coatings —

Biomimetic coatings impart bioactivity by enhancing the osseointe-
gration response of coated surface [268]. These coatings are employed
to biomineralize the bone like inorganic (apatite) and organic (collagen
I) phases of natural bone on the surface of an orthopedic implant.
Conventionally Ca-P coatings are achieved by chemical conversion,
sol-gel techniques facilitate rapid HA mineralization. However, they do
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not ensure the alignment of mineralized HA with collagen fibrils to
determine resemblance with the fundamental nanostructure of natural
bone. The mineralized HA must have its c-axis [001] parallel to longi-
tudinal fibrils of cortical bone to deeply penetrate inside collagen fibrils
for better adhesion [269]. Biomimetic coatings have a unique mecha-
nism to mineralize apatite with the desired orientation that conven-
tional Ca-P coatings lack. Several organic compounds like dopamine,
EDTA, arginine-glycine-aspartic acid-cysteine (RGDC) peptides are
widely recognized for their unique molecular recognition feature, which
accelerated HA formation on implant surface [270].

Currently, research interests are associated with the chelation of
bioapatite (BAP), which mimics elements of natural bone [271-273].
BAP is an idealized HA consisting of minor groups of CO%’, HPO‘Z(, Na™,
Mg?" and trace elements like Sr**, K¥, F~ up to bio-safe ppm levels
[274]. Bio-macromolecules, gelatine, polysaccharides, silk-fibroin,
Dihydroxyphenylalamine (DOPA), and lysine can chelate BAP ele-
ments via non-covalent bonding like metal coordination, van-der Waals
forces, hydrogen bonding, and n- & interactions together with electro-
static effects [275]. Apart from molecular recognition, enzymatic
mineralization and molecular crowding techniques are effectively re-
ported for rapid mimicking of natural bone [276,277]. Enzymatic
mineralization is carried out by adding an organic phosphate source like
alkaline phosphatase (ALP), which -catalyses the hydrolysis of
water-soluble phosphate esters and Ca?* ions, thus promoting rapid
precipitation of Ca-P particles. Colaco et al. [278] investigated
enzyme-induced Ca-P biomineralization using ALP extracted from the
bovine intestinal mucosa. The author reported that with an increase in
ALP concentration from 0.7 mM to 7 mM, the % crystallinity of HA was
increased by 22%. However, a further increase in concentration to 70
mM resulted in an amorphous phase. The electron morphology and
diffraction patterns are shown in Fig. 11 (b), confirming [002] planer
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Fig. 10. Histological images of the implant/bone interface around the uncoated substrates (a—d) and coated (e-h) samples at 8, 12, 18, and 50 weeks. I, L, F, and N
represent implant, lymphocytic infiltration, fibroblast band, and new bone tissue, respectively. Reproduced with permission [267]. Copyright 2011, John Wiley

and Sons.

orientation of HA crystals. However, the size of HA platelets (length -
61.3 nm, width - 43.9 nm) was greater than gap-zones (i.e., 40 nm) of
collagen fibrils, which may inhibit the intrafibrillar growth of HA
crystals. Polymer induced liquid precursor (PILP) is an important bio-
inspired technique to promote such orientation of biological apatite by
using various negative charged polypeptide acids which can act as PILP
directing agents such as poly-r-aspartic acid (PASP), poly-allylamine
hydrochloride (PAH), and poly-acrylic acid (PAA) [275]. A synergistic
effect of electrostatic interaction and capillary action enabled intra-
fibrillar mineralization of biological apatite [272]. Additionally, poly-
peptides stimulate N- and C- terminal domains of non-collagen proteins
(NCP), which act as potential binding sites for Ca and P ions along with
essential trace elements [269,279]. These techniques are widely
accepted for bone regeneration scaffolds, but no significant work has
been reported to achieve such orientated Ca-P mineralization through
the coating.

Recently, Sun et al. [280] took a bio-inspired idea of micro-nano
structured natural bone particles for conducive growth of apatite. The
author reported the formation of a micro-nano structural HA coating on
AZ31 Mg alloy. After 14 days of immersion in SBF, the coating cracks are
covered by a thick uniform layer of deposited Ca-P. As a result, the
corrosion rate was decreased to 0.3 mm/year from 0.44 mm/year. Even
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after 147 days of immersion, the corrosion rate was less than 0.5
mm/year, which signified that dense Ca-P precipitation provides effi-
cient shielding against aggressive ions in physiological media. Few
studies reported doping bone-seeking trace elements like Zn, Sr as an
efficient stimulator for Ca-P mineralization. Zhou et al. [281] modelled
a Zn-doped nano-whisker HA coating on ZK 60 Mg alloy. The study
reported that up to a particular concentration HA-Zn (5%), with the
addition of Zn, the lamellar HA crystal degenerated into a nano-whisker,
which has noble osteogenic potential to mimic Ca-P mineralization. The
resulting Ca/P ratio of apatite formed on such whiskers was 1.67,
identical to natural bone.

Yu et al. [282] examined microwave-assisted Sr doped HA coatings’
effect on biomineralization tendency. The addition of Sr significantly
enhanced the osteoblast differentiation and induced the osteoclast
apoptosis, resulting in apatite formation on the second day of immersion
and complete coverage of coated substrate after the fourth day of im-
mersion in SBF with a Ca/P ratio of 1.64. The effective shielding pro-
vided by apatite deposition limits the degradation rate from 0.29
mg/cm?/day to 0.16 mg/cm?/day with prolonged immersion of 30 days.
Currently, organic molecules like chitosan, stearic acid, and
bio-metal-organic framework coatings are recognized for exhibiting
excellent biochemical signalling for in-vitro mineralization of biological
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Fig. 11. (a—c) TEM images and (d—f) SAED patterns of enzyme induced Ca—P mineralized after 24 h at ALP concentration equal to (a,d) 0.7 mM, (b,e) 7 mM, and (c,
f) 70 mM, respectively. Reproduced with permission [278]. Copyright 2020, Elsevier.

apatite. Rahimi et al. [283] developed electrospun chitosan/mineralized
bone allograft (MBA) nanocoating on AZ31 Mg alloy for enhanced bone
regeneration ability. Li et al. [284] investigated bio-mineralization by
fabricating HA/Stearic acid composite coating on AZ31 B alloy. Apatite
with a Ca-P ratio of 1.48 mineralized uniformly after three days of
immersion in physiological media. The Ca/P ratio was further improved
to 1.54 after 21 days of immersion. Bio-metal-organic framework
(Bio-MOF) coatings are known for high specific area, pore-volume, and
multifunctional hydroxyl groups that act as nucleation sites for BAP
crystals. Liu et al. [274] prepared a Bio-MOF-1 model with zinc and
adenine primary elements interconnected with biphenyl dicarboxylate
linker, and this phosphorous-rich anionic skeleton provides excellent
adsorbing of Ca®" cations. The astronomical mineralization rate resulted
in a thick flower-shaped apatite layer with a Ca/P ratio of 1.84 after
seven days of immersion in SBF.

3.2.5. Organic coatings —

In recent years, organic coatings have received extensive attention
for their superior corrosion resistance and multiple bio-functionalities
[131,285,286]. Sol-gel is the highly reported coating technique for Mg
and its alloys due to its capability to coat organic and inorganic mate-
rials on Mg alloys [287]. This coating technique comprises a colloidal
suspension of a molecular precursor in a solvent, resulting in subsequent
oxide network formation at low temperature and pressure [288]. The
process occurs in two phases; the first phase deals with the suspension’s
hydrolysis and condensation. In the second phase, the polycondensation
responsible for the 3-d oxide network is achieved by either dip, spin,
immersion, or spray coating methods [289,290]. Mild chemical condi-
tions, low temperature, and pressure enable Sol-gel to be a suitable
technique for inciting inorganic phases in the organic matrix and vice
versa [291]. Organic coatings can be classified into synthetic and natural
polymer coatings. The FDA-approved bio-degradable synthetic and
natural polymers coatings are discussed in this section.
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3.2.5.1. Synthetic Polymer coatings —

e Polylactic acid (PLA), a biodegradable lactic acid polymer (2-
hydroxypropionic), is a chiral molecule containing two enantiomers,
r-lactide and p-lactide. It is extensively explored for surgical devices,
tissue engineering, bone fixation, and drug delivery applications due
to its biocompatibility, hydrophobicity, and thermoplastic process-
ability [292]. Fig. 12 (a) shows that the coating is free of spatial
defects and has a uniform structure. Studies reported excellent pore
sealing capability of PLA when applied as a topcoat on MAOed/i-
norganic coated Mg substrates to provide an efficient barrier be-
tween Mg substrate and electrolyte. However, some issues limit its
applications: (i) high tendency towards hydrolysis in aqueous media,
(ii) poor load wearing tendency, and (iii) weak adhesion strength
with Mg substrates. Few researchers attempted to counter limitations
by increasing the coating thickness, but adhesion became poorer
[293,294]. Dusselier et al. [295] proposed manipulating the physical
properties and hydrolytic degradation of PLA by the racemization of
D - and L -isomers or utilizing a hydroxyl acid co-monomer compo-
nent but still thorough investigation is needed to tailor the physi-
cochemical properties of PLA for long-term implant applications.

e Poly(lactic-co-glycolic) acid (PLGA) comprises monomer units as
lactic acid (LA) and glycolic acid (GA) [296]. The physical, chemical,
and mechanical properties of PLGA can be tailored by altering
LA/GA ratio [297]. PLGA coatings are widely recognized for corro-
sion resistance and drug delivery applications [298,299]. The
coating structure shown in Fig. 12 (b, c) is characterized by its clear
spatial defect-free appearance. Despite efficient corrosion inhibition,
a few generic limitations like high susceptibility towards hydrolysis,
entrapment of Hy during in-vitro immersion, and poor adhesion to-
wards Mg substrate hampers its usage for orthopedic implant
application [300]. Recent attempts have overcome these problems,



N. Singh et al.

Bioactive Materials 19 (2023) 717-757

Fig. 12. SEM images of (a) PLLA, (b) PLGA (90:10), (c) PLGA (50:50), (d) PCL, reprinted with permission [303], Copyright 2017, American Chemical Society., (e)
PDA/Col (f) PDA coated Mg alloys. Reprinted with permission [121]. Copyright 2020, Elsevier.

but the outcomes still do not fulfill the clinical requirements [301,
302].

Polycaprolactone (PCL) is the highly investigated biodegradable
polyester. Fig. 12 (d) shows the crystalline morphology of PCL
coating on pure Mg. It has a relatively much lower degradation rate
when compared to PLA and PLGA [303]. Moreover, the hydrolysis in
PCL can be further retarded by co-polymerizing with polymers like
pr-lactide valerolactones, which significantly enhance its degrada-
tion time in physiological media [304]. Due to low glass transition
temperature (i.e., 60 °C), PCL promotes fabrication of unique
microporous networks, which can be achieved by Non-solvent -
Solvent induced phase separation (NIPS) techniques. Specially
designed pores assist the escape of Hy, which otherwise may cause
delaminating or debonding coatings. Such micro-pores acted as
cell-anchoring sites, promoting osseointegration and cell viability
[305]. Alone, PCL coatings suffered from poor adhesion with Mg
substrates due to a limited number of oxygen sites in PCL structure,
resulting in weak electrostatic interaction with Mg substrate. Recent
studies suggest adding inorganic components like HA to enhance the
adhesion strength; however, such inorganic particle-matrix increases
PCL’s water uptake ability and enhances hydrolytic degradation
[306]. Thus, more research needs to be done to intensify the use-
fulness of PCL on Mg-based alloys for implant applications.

Polydopamine (PDA) has been synthesized from an organic com-
pound of catecholamine and phenethylamine families known as
dopamine (DA). DA is exposed to air in a basic aqueous solution to
achieve PDA [307]. It possesses unique features like excellent
adhesion strength, protein adsorption, and hydrophobicity in phys-
iological media. Fig. 12 (e, f) is a typical SEM image showing a va-
riety of micro-cavities. Combining PDA with inorganic coatings like
TiO4 and HA significantly enhances Mg alloy biocompatibility and
corrosion resistance [308,309]. Additional application features bio-
sensing and target drug delivery make it a suitable candidate for the
coating of biodegradable Mg implants [310].

3.2.5.2. Natural Polymer coatings —.

Chitosan (CS) consists of glucosamine and N-acetylglucosamine units
linked together by glucoside bonds [311]. Unlike synthetic polymers,
the degradation of natural polymers does not alter physiological pH
values; hence, considered more biocompatible [297]. Besides
corrosion resistance, chitosan is applied in artificial skin and drug
release applications. It is widely reported as a versatile carrier for
healing agents in self-healing coatings. Jia et al. [312] reported that
CS in polysaccharide form is loaded with trivalent cerium. After
mechanical scratching, a controlled release of cerium ions from the
CS nano-reservoirs validates the self-healing characteristic. Other
chitosan/HA duplex coatings reported enhanced biocompatibility
and corrosion resistance [313-315].

Collagen (Col) is one of the most abundant polymers present inside
the organic matrix of dentin, bone, tendons, and ligaments in the
human body [316]. A primary reason for its application as a coating
agent is its ability to promote an identical tissue structure on coated
implants similar to natural bone [317]. Thus, generated assemblies
provide adequate mechanical resilience and toughness to tissue
functioning [318]. Studies reported that the collagen coating on Mg
alloys improves the hydrophobicity in physiological media. How-
ever, Zhao et al. [319] reported that fibrils on the Col-coated AZ31
Mg alloy were initiated only when the Col-1 monomer reached a
particular concentration. The electrostatic interactions originating
from pH change of physiological media regulated the shape and
density of mineralized fibrils. Wang et al. [320] reported faster
degradation of Col coated Mg substrate in SBF when compared to Mg
alloy coated with synthetic polymers. The application of collagen for
Mg alloys is not thoroughly investigated yet, and detailed studies
regarding corrosion resistance, drug delivery, and other functional-
ities can open new gateways for implant applications.

3.2.5.3. Other organic coatings —.

Phytic acid (PA) is a naturally occurring polymer, mainly extracted
from plant seeds, roots, and stems [321]. The unique presence of six
phosphate groups and twelve hydroxyl groups facilitates its
chelating ability towards metal ions (Mg?*, Ca%*, Zn?*, etc.), as
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shown in Fig. 13. During in-vitro degradation of Mg alloys, the
leached Mg?* ions are chelated by phosphate groups present in PA,
resulting in the formation of stable compounds like Mg3(POg)o,
which has a shallow solubility index (Ky) of 1.04 x 10”24 [322].
Additionally, the chelating of Ca?" ions from physiological media
promotes osteoinductivity by mineralizing various Ca-Mg-P and
Ca-P compounds like Whitlockite, Magnesium-phytate, and HA
[112]. Puvada et al. [323] investigated the antimicrobial efficacy of
PA by the addition of NaOCl and EDTA ingredients. Along with
promising biocompatibility, PA showed an efficient anti-bacterial
response against E. Faecalis. PA coating developed using chemical
conversion, and microwave-assisted treatment is suffered from
spatial defects, which adversely affect the corrosion resistance [119,
324]. Several attempts have been made to address the issue by
pre-treatment and compounding with other elements, but it further
alleviates the problem [116]. The noble presence of negatively
charged OH™ ions on PA provides sufficient potential for deposition
by layer by layer (LbL) self-assembly and Sol-gel coating techniques,
which are not investigated yet. The implementation of such coating
techniques may address challenges associated with the deposition of
PA coating on Mg alloys.

Serum-albumin (SA) is a major component of the circulatory system
responsible for drug deposition and maintaining blood pressure
[325]. Earlier investigations reported enhanced corrosion resistance
and biocompatibility of SA towards Mg alloy [326,327]. Recently,
Harandi et al. [328] reported the short-term corrosion protection
ability of SA in phycological media. However, SA starts making
chelates with the corrosion product and destabilizes the coating with
prolonged immersion. Hence, the corrosion phenomena accelerated,
which increased the susceptibility towards SCC for SA coated AZ91D
compared to the uncoated substrate. El-Taib et al. [329] investigated
corrosion behavior of AZ80 Mg alloy in SA modified SBF with
different concentrations ranging between 0 and 40 g/L. The positive
shift of OCP is observed for only the 10-20 g/L range. Lower SA dose
causes the formation of soluble metal complex due to chelating ef-
fect, and higher SA dose results in protein aggregation. Both the
conditions imply a negative shift towards OCP. Only a few literature
studies have reported the BSA for orthopedic application, yet there is
significant potential for SA, which can be achieved by manipulating
its chelation ability. Thus, SA needed to be investigated compre-
hensively for its complete scale applications on biodegradable Mg
alloy.

(a) (b)
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3.3. Multilayered hybrid coatings —

The multilayer coating architectures are gaining interest to tailor the
corrosion rate of Mg alloys. A multilayer coating system including a
combination of organic and inorganic phases is a promising alternative
to fulfill the diverse functionalities such as improved corrosion resis-
tance, cell viability, osteogenesis, angiogenesis, anti-bacterial and anti-
inflammatory response with the additional benefit of target drug de-
livery at the implantation site. To better understand the synergy be-
tween Mg-organic-inorganic interfaces, six combinations of organic-
inorganic multilayer assemblies on Mg substrates are categorized, as
shown in Fig. 14.

Class A, B, C, and D represent the inner layer-outer layer on Mg
substrate as inorganic-organic, organic-inorganic, organic-organic,
inorganic-inorganic, respectively. The composite organic/inorganic
layer on Mg substrate is represented by class E. Class F represents the
organic/inorganic composite layer as an inner layer, and the outer layer
can be either composite, organic or inorganic alone. Accordingly, the
multilayered coatings on Mg alloys matched with these classes are
investigated. The detailed corrosion performance and reported bio-
functionalities of such coatings are discussed in Table 5. It is observed
that Class A coatings exhibit higher corrosion resistance and adhesion
strength than other classes. The spatial defects present in the inner
inorganic layer (L1) are sealed by the top organic layer (L2), resulting in
effective shielding towards aggressive ions. Apart from cytocompati-
bility and anti-bacterial features, Class A lacks necessary bio-
functionality components such as self-healing, super-hydrophobicity,
drug delivery, etc. Comparatively, Class B shows lower corrosion resis-
tance due to the inorganic layer at the top. The spatial defects provide
significant anchoring sites to aggressive ions, resulting in rapid degra-
dation. However, studies reported that Class B provides additional hy-
drophobicity and drug release features compared to Class A. Class C is
generically distinguished for its drug release feature. Usually, the inner
polymer layer performs corrosion resistance, while the outer layer of
amorphous polymers acts as a drug reservoir. However, corrosion
resistance offered is comparatively inferior to Class A, and B. Class D has
inorganic-inorganic multilayers showing characteristic mapping with
class A, i.e., significant corrosion resistance but lacking in performing
bio-functionalities. Typically, the top inorganic layer is added, focusing
on the pore-sealing of the inorganic bottom layer (L1). Limited studies
have reported the self-sealing and anti-bacterial features for this class.

Class E represents the inorganic/organic composite layer over Mg
substrate. The filler effect may be attributed to such coating structures
demonstrating improved corrosion resistance [366]. The path for elec-
trolyte diffusion in the organic matrix becomes more complex and

Fig. 13. (a) PA molecule containing six phosphate and twelve hydroxyl groups, (b) chelation of Mg?* ions to form Mg-P compounds, (c) Mg?*/Ca®" chelation to

form various Ca-P, Mg substituted Ca-P (whitlockite) compounds.
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Fig. 14. Classification of multilayered hybrid coatings based on (a) organic — inorganic layers, (b) inorganic — organic layers, (c) organic — organic layers, (d)
inorganic — inorganic layers, (e) organic/inorganic or inorganic/inorganic or organic/organic composite layers, (f) organic/inorganic/composite — composite or

composite — organic/inorganic/composite layer assemblies on Mg alloys.

protracted due to inorganic particles. The reinforcement provided by
inorganic particles results in improved mechanical properties.
Bakhsheshi-Rad et al. [367] dip coated a noble PCL/Chitosan composite
coating on Mg. An additional ZnO layer was applied to seal the micro-
defects, which significantly improved the corrosion resistance and
anti-bacterial properties of the coating. However, at higher concentra-
tions, ZnO exhibited cytotoxicity towards osteoblast cells. Li et al. [368]
developed hydroxyapatite/graphene/graphene oxide composite coating
on ZK60 Mg alloy. As a result of the GO addition, highly dense
flower-shaped HA crystals are formed, which result in superior corrosion
resistance and osteogenic differentiation. Combining biomimetic and
spin-coating methods, Dong et al. [369] developed a PDA/Ca-P/GO
composite coating to stimulate cell growth and adhesion for improved
biocompatibility of Mg alloys. To address poor adhesion strength and
mechanical strength of organic coatings, Fang et al. [370] incorporated
sodium alginate in silk-fibroin, the composite coating demonstrated
enhanced critical load (L) and H3/E? values (H and E denote the coat-
ing’s hardness and modulus, respectively), indicating that composite
coating will resist failure due to strain for a longer time. Besides
providing a variety of bio-functionalities, as discussed, composite coat-
ings can produce a range of results within the confines of a single
function. A superhydrophobic HA/stearic acid composite coating [284]
with a contact angle of 152° and a superhydrophilic HA/hydrox-
ypropyltrimethyl chloride chitosan (HACC) composite coating [371]
with a contact angle of 4° have been reported for their outstanding
anti-bacterial properties. The quaternary ammonium groups in the latter
provide bacterial resistance and kill bacteria without compromising the
viability of MC3T3-E1 cells. Class F reported the complex multifunc-
tional coating, the unique assembly of layers widely covers the
biocompatibility components. This coating class is widely reported for
Self-healing, self-repairable, target drug delivery, super-hydrophobicity,
and biocompatibility. One of the limitations of this class is corrosion
performance. The corrosion studies reported are not promising to fulfill
the clinical requirement.

To address the challenges of Class F coatings, Singh et al. [372,373]
fabricated a TiOp-HA-PCL hybrid coating on ZM21 Mg alloy, where
TiO2-HA composite coating was applied as an inner layer. The NIPS
technique was utilized to fabricate the outer layer of PCL with homo-
geneously distributed and interconnected micro-pores. The process pa-
rameters include dipping cycle, drying cycle, and sintering temp.,
depicted in Fig. 15. The sandwiched TiO3-HA layer enhanced the
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adhesion strength of PCL by 76% due to electrostatic interaction and Hy
bonding. The E., value of Mg substrate (—1.444 V) was significantly
suppressed to —0.407 V. After 28 days of SBF immersion, the corrosion
inhibition efficiency shown by hybrid coating was 99.2%, which suc-
cessfully managed the corrosion rate (0.069 mm/year) and H; evolution
rate (0.062 + 0.036 ml/cm?/day) within biosafety limits. After pro-
longed immersion in SBF, dipole interactions between opposite sides of
PCL micropores lead to the mineralization of 3d flower-shaped HA by
Vander Wall forces, as shown in Fig. 16(a). The XRD analysis (Fig. 16(b))
of mineralized HA in micropores of PCL/HA/TiO; hybrid coating shows
that as the peaks corresponding to Mg-P compounds suppressed with an
increase in immersion time, its tendency to substitute Ca from HA
molecules and formation of Mg-PO} compounds is significantly
reduced. In response, a chemically stable HA growth with a 3D
micro-flower morphology and Ca/P ratio of 1.60 was observed, which
provided dense shielding on a large surface area and hindered aggressive
ions from interfering with the Mg substrate. Hence, PCL/HA/TiO,
hybrid coatings provided effective corrosion resistance in physiological
immersion for up to 28 days. It is worth noting that TiO2-HA-PCL hybrid
coated samples respond to bacteria and L929 cells differently in this
study. The viability of S. aureus and E. coli bacteria was suppressed by
57.15% and 62.35%, respectively. While for L929 cell-line, cellular
viability is enhanced by 50.47% compared to control, respectively. The
individual role of coating ingredients like bactericidal yet biosafe
response by TiO,, enhanced biocompatibility provided by HA and PCL,
was responsible for such a significant response. Hence, diverse property
of each layer was combined into a single coating system to obtain sig-
nificant corrosion resistance, cell viability, and anti-bacterial response
necessary to meet the requirement of an orthopedic implant.

Chen et al. [147] developed a double-layered MAO/PLGA coating on
Mg-47n-0.6Zr-0.4 Sr alloy by dip-coating technique. Apart from effec-
tive corrosion resistance, the author reported that stress corrosion
cracking (SCC) susceptibility of coated Mg alloy was significantly
reduced with prolonged immersion in physiological media. Li et al.
[335] prepared a multilayered HA/CaTiO3/TiO2/PLA coating on AZ31
Mg alloy, which exceptionally suppressed the corrosion current density
to 8.91 x 1071% A/cm?. Wei et al [361] fabricated a multilayered
plasma electrolytic oxidation/poly(l-lactic acid)/Heparinized polydop-
amine (PEO/PLLA/PDAM/Hep) coating on AZ31 Mg alloy by a
dip-coating method. Along with improved hemocompatibility, the
coating shows selective response by promoting human umbilical vein
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Table 5
Summary of in-vitro corrosion performance and bio-functionalities of various organic/inorganic multilayered coatings on Mg and its alloys.
Ecorr (Vscg) Leorr(A/cm?) Corrosion  Additional Bio Ref.
rate functionality
(mm/
year)
Class substrate L1 L2 Methods Thickness Adhesion  conditions substrate L1 L1+L2 substrate L1 L1+L2
A Mg-Zn—Ca MAO Chitosan Dip 10 pm - SBF, 37 °C -1.77 —1.64 —1.49 1.43 x 6.36 x 5.90 - - [330]
1074 10°° x
1077
AZ91 CaP PLA Spin 35.9 ym - - - - - - - - - - [331]
Mg-Li-Ca-Y MAO PLA Dip - - Hank’s, —1.58 —1.55 —1.51 1.04 x 6.31 x 1.70 - - [332]
37.5°C 10°° 107 x
10°°
AM50 Ti-O PLA Dip - 6.12 SBF, —1.40 -1.28 —0.83 - - - - Enhanced osteoblast [333]
MPa 37.5°C for MC3T3 cell-line
AZ31 Mg(OH), PCL Electrospin - 4B SBF, - - - - - - - Cell viability, [334]
37°C adhesion and
proliferation
improved for L6
cells.
AZ31 HA/ PLA Dip - - Hank’s,37 °C -1.60 -1.39 —0.43 3.48 x 5.98 x 8.91 - - [335]
CaTiOs/ 10°° 10 x
TiO, 1071
Mg-1.2Ca NiCrAly/ PCL Dip 150-160 14.5 3.5% NaCl —-1.63 —-1.25 -0.91 2.85 x 1.24 x 1.40 0.003 - [336]
YSz pm MPa 107 107 x
1077
Mg-4Zn- MAO PLGA Dip 70 pm - m-SBF, —1.66 —-1.57 —1.54 1.95 x 1.87 x 1.39 - SCC susceptibility [147]
0.6Zr-0.4Sr 37 °C 10°* 1073 x indices reduced for
10°* UTS and Elongation
to failure
AZ31D MgO/ DS/Lys Spin - - SBF, 37 °C —1.66 * -1.50 —1.49 5.89 x 3.48 x 8.38 - Anti-bacterial [337]
ZnONRs assisted LbL * * 107 10°° x activity was
1078 enhanced against S.
aureus and E.coli
assays
B Pure Mg PCL HA Spraying 5-6 pm - Hank’s —1.64 -1.51 —1.46 2.93 x 8.23 x 1.13 - No microcrack [338]
107° 10°° X appearance upto
10°° 10% tensile
straining. Improved
filopodia and
osteoblast for
MC3T3-E1 cell line.
Pure Mg PDA TiO, Dip 4.15 pm - PBS, —1.58 —1.54 —-1.28 4.37 x 1.38 x 2.04 - - [339]
37°C 107° 107° x
10°°
AZ31 PDA HA Dip 16-20 pm - SBF, —1.48 * —1.36 -1.27 4.67 x 2.38 x 1.82 - Promoted cell [340]
37°C * * 10°° 10°° X growth observed for
10°° L1929 cell line
Mg-Nd-Zn- PLA DCPD Dip 10-15 pm 5B m-SBF, -1.92 - -1.69 4.33 x - 0.95 - Improved ALP [341]
Zr 37°C 10°¢ X activity for MC3T3-
10°° E1 cell line.

Controlled Drug
release profile
observed for
Paclitaxel (PTX).

(continued on next page)
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Table 5 (continued)

Ecorr (Vscr)

Leore(A/cm?)

Corrosion
rate
(mm/
year)

Additional Bio
functionality

Class substrate

L1

L2

Methods

Thickness Adhesion

conditions

substrate

L1 L1+L2

substrate

L1

Ref.

Pure Mg

AZ60

PA

PDA/
DCPD

TiO,

Col

LPD and
Dip

Dip

3.27 pm -

26 pm -

PBS, -1.67
37°C

SBF, —1.47

-1.67 -1.34

-1.39 -1.31

7.21 x
10°°

2.70 x
107°

2.66 x
107°

431 x
107°

1.70

1077

0.006

Enhanced
hydrophilicity,
anticoagulant
ability, endothelial
cell adhesion for
MC3T3-E1 cell line.
Organized F-actin
staining with
obvious filopodia
observed for MC3T3-
E1 cell line.

C AZ31

Pure Mg

AZ31

Mg-1Sr

AZ31

AZ31

PLGA

SA

PCL

PCL

PSS

PCL

PCL,Lev

PLA

PCL

PDLLA- SRL

PPy

GS

PTMC

Dip

Dip

Spraying

Spin

Dip

Dip and
Spin

11-15 pm -

10.4 pm -

10.1 pm

1.5 pm

40 pm -

9.6 pm -

Hank’s, -
37°C

PBS, -1.51

37°C

E-MEM + -
10% fetal
bovine serum

-1.73

SBF, 37 °C

PBS, 37 °C -

—1.44 -1.38

-1.37

. ~1.47

2.74 x
1074

1.21 x
107

6.23 x
10°°

1.92

10°°
3.30

10°°

1.52

1077

Targeted drug
release kinetics
observed for
levofloxacin.
Controlled antibiotic
release improved the
antimicrobial
susceptibility against
S. aureus and

S. epidermidis.

Long-time reservoir
and slowest drug
release rate for
sirolimus (SRL).
Thermally assisted
Photo-controllable
self-healing.
Controlled
gentamicin release
and Significant anti-
bacterial activity
againt S. aureus.
Stent poses
significant
therapeutic effect for
rabbit esophageal
benign structure
ever after 48
compression cycles.

D AZ91D

Mg-Li

MAO

PEO

Si02-ZrO,

Ti-O

Dip

Dip

5.6 pm -

41 pm -

3.5% NaCl —1.42

3.5% NaCl —1.68

-1.32 —0.40

—1.46 —1.38

3.39 x
10°°

3.92 x
1077

[342]

[121]

[343]

[344]

[345]

[346]

[347]

[348]

[349]

[350]

(continued on next page)
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Table 5 (continued)

Ecorr (Vscg) Teorr(A/cm?) Corrosion Additional Bio Ref.
rate functionality
(mm/
year)
Class substrate L1 L2 Methods Thickness Adhesion  conditions substrate L1 L1+L2 substrate L1 L1+L2
3.32 x 5.56 x 5.64
1074 10°® x
1077
Mg-Ca PEO ZrO, Spraying 60 pm - SBF —-1.60 —1.14 —-0.91 2.80 x 2.10 x 6.20 - Enhanced anti- [351]
1074 1077 X bacterial activity
1078 against E. coli.
AZ31B Silane GO Dip 1100 nm 4B 3.5% NaCl -1.53 -1.41 -1.32 2.18 x 4.37 x 1.38 - - [352]
1074 10°° x
108
AZ31 SiOy CeO, Dip - - HBBS —1.46 - —1.44 8.07 x - 2.69 - Self-Healing after 72 [353]
1076 X h of immersion is
10°° observed.
Spray 630 nm -1.36 7.58
X
1077
AZ31 MgO Mg(OH), Immersion/ 3 pm - HBBS, 37 °C —1.45 —1.64 -1.36 5.97 x 3.72 x 5.69 - - [354]
Dip 107° 1077 x
1078
L1+L2
E AM50 PCL + nHAP Dip 35.3 - SBF, —1.34* -0.70*  -1.20*  1.03 x 1.72 3.60 - Enhanced [355]
pm 37°C 107 X X adsorption of extra
107° 107° cellular matrix
(ECM) proteins.
Increase in cell
proliferation, growth
and osteoblast for
MC3T3 cell line.
- HA + PCL Sol-gel - - SBF - - - - - - - Improved young’s [356]
modulus, UTS and
max. load-bearing
capacity against PCL
alone.
Pure Mg Cu-BGNs + PCL Spin 9.36 - DMEM, —1.33* —1.14* —1.01* - - - - Increased Anti- [357]
pm 37°C bacterial activity
against S. Carnosus
and E. coli
Enhanced indirect
and direct cyto-
compatibility for
MG-63 cell line.
A7Z31 Saline + PPy Dip 60pm  1.4N 3.5% NaCl —1.51 —1.45 —1.38 4.96 x 1.95 9.08 0.002 Superhydrophobic [358]
10°° X X (162°) and low
10 10°® energy coating
surface.
AZ31 HAP + PAA/GS Dip assisted LbL 21.82 27N SBF -1.78 —-1.55 —-1.43 3.52 x 9.44 8.58 - High loading dosage [359]
pm 10°° x x of gentamicin sulfate
10 107 (GS) with controlled

release kinetics (15
days).
Enhanced anti-

(continued on next page)
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Table 5 (continued)

Ecorr (Vscr)

Leore(A/cm?)

Corrosion

rate
(mm/
year)

Additional Bio
functionality

Class substrate

L1

L2

Methods

Thickness

Adhesion

conditions

substrate

L1

L1+L2

substrate

L1

L1+L2

Ref.

F  AZ81

AZ31

Mg-1Ca

Mg-1Ca

Mg-1Ca

AZ31

AZ31

Inner L
MAO/PLLA

PEO/PLLA

MAO/CS

Silk Fibroin/K3PO4

Silk/PA

HMS

PDA/HA

Outer L
PLGA/
PTX +
PLGA

PDAM/
Hep

CS/Ce

Silk
Fibroin

Silk

GSH +
Cys/
CD

BMP2

Dip/Drop

Dip

Spin

Spin

Spin

Immersion

Immersion

10 pm

5 pum

130 nm

1.1 pm

0.82
mN

Hank’s, -
37°C

SBF, 37 °C -1.62

DMEM, 37 °C -

Hank’s, —1.48

37°C

3.5% NaCl -1.52

SBF -1.62

-1.12

~1.44

—1.45

-1.43

-1.57

-1.50

1.53

10°°

1.41

107

3.47 x
10-10

1.50 x
1078

bacterial activity
against S. aureus.
Improved
osteoblasts towards
MC3T3 cell line.

1.02 x -
1077

3.85 x
1078

0.002

5.13 x -
107°

Linearly sustained
slow PTX drug
release. Enhanced
blood compatibility
with improved
thromboxane A2
platelets.

Improved
hemocompatibility,
selective response to
promote HUVEC and
inhibit HUASMC
proliferation.
Encapsulated
Inhibitor (Ce)
induces self-sealing.
Enhanced
cytocompatibility
towards MC3T3 cell
line.

Self -healing based
on pH stimuli
response ability at
scratched site.
Enhanced in-vitro
cell viability,
Adhesion and osteo-
differentiation for
CCK-8 assay.

pH triggered Self-
healing ability with
enhanced
cytocompatibility
towards MC3T3 cell
line.

Triple trigger drug
release model. Along
with pH response,
the drug delivery is
responsive towards
stalk of coating
structure and release
of Mg?* ions.

[360]

[361]

[312]

[322]

[362]

[363]

[364]

(continued on next page)
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endothelial cell (HUVEC) and inhibiting human umbilical artery smooth
muscle cells (HUASMC) proliferation due to diverse ingredients in a
single coating system. Based on the reported studies, it can be observed
that the multilayered hybrid coating system is most suitable for
obtaining diverse bio-functionalities to meet the clinical requirement of
Mg-alloy based bone implants.

ef.
[365]

around implant in
medullar cavity is
formed. Larger
osteoid tissue
formation is
Improved anti-
inflammatory
response, blood
compatibility,
Inhibited endothelial
cell apoptosis

New bone with
direct contact
observed.

Additional Bio
functionality

3.4. Self-healing coatings-

The surface scratches on implants seem unavoidable during surgery,
and the partial damages provide pathways for the intake of the
aggressive solution and lead to severe local corrosion and even prema-
ture coating failures [374]. Upon damage, self-healing coatings can
repair defects by eliciting automatic repair mechanisms and restoring
coating functions. Typically, self-healing coating consists of a ‘guest’
known as a healing agent, incorporated in the host (i.e., coating). When
stimulated conditions damage the host in corrosive media, the guest is
leaked to form a passive layer at the defect site, inhibiting the corrosion
propagation [362]. Presently, self-healing coatings on Mg alloys are
majorly achieved by encapsulation coating and layer-by-layer assem-
bled coating techniques. This section provides an overview of the latest
% S developments in self-healing coatings on Mg alloys.

Corrosion

rate
(mm/
year)

L1+L2
1.26 x
1074

1.7 x 107

L1
2.3
1078

Teore(A/cm®)
substrate
1.72

107*

2.49

3.4.1. Encapsulation coatings

In self-healing coatings on magnesium alloys, cerium ions, benzo-
triazole, and 8-hydroxyquinoline were widely reported as healing
agents, which are acceptable for industrial applications but toxic for
biomedical applications. In comparison with other corrosion inhibitor
ions (i.e. MnOg, La®", Pr®*, VO3), PO}~ demonstrate the best suitability
for biomedical self-healing coatings [375]. The PO3~ have a strong
tendency to chelate Ca®* from physiological media and Mg?" produced
from corrosion into highly insoluble magnesium phosphates (Ks, ~ 1.04
x 1072%) and calcium phosphates (Ksp ~ 3.7 x 10758) precipitates at the
scratched site to repair the defects. Xiong et al. [322] prepared a
self-healing coating comprising; Silk as host and K3PO4 as inhibition
agent on Mg-1Ca alloy. After mechanical scratching, the PO~ released
from K3PO, chelated the Mg?" leached from the Mg substrate and
formed an insoluble Mg3(POy4), layer on scratched region. After 160
I min, the cathodic and anodic current density at scratched region verged
to zero planes, verifying the self-healing capacity. Furthermore, the
rapid release of PO3 ™ in alkaline environment (pH 10) in comparison to
neutral environment (pH 7.4) was deemed as pH stimuli response of
coating. Li et al. [376] developed a three-layered coating structure,
consisting of an inner layer of MgO, a middle of PLA containing curcu-
min loaded F-encapsulated mesoporous silica nanocontainers (cFMSNs)
and an outer layer of dicalcium phosphate dehydrate on WE43 Mg alloy.
After artificial scratching, the release of curcumin from ruptured nano-
containers exhibited self-healing capability during in-vitro and in-vivo
testing conditions. Additionally, the curcumin release favored the
osteo-differentiation, immunomodulatory efficiency and osseointegra-
tion response. However, the toxic potential of abruptly chelated phos-
phate compounds has not yet been fully explored [377]. To address the
current issue, Dong. et al. [378] developed a pH-sensitive dicalcium
phosphate dihydrate (DCPD) coating on Pure Mg. The DCPD itself plays
the role of both ‘host’ and ‘guest’, indicating its self-healing without
additional corrosion inhibitors. Owing to local alkalinity, DCPD crystals
tend to dissolve and release calcium and phosphate ions near the
scratches. At the scratched region, a rise in pH facilitates the formation
of Mg(OH), and Mg containing Ca-P compounds. The DCPD coating
exhibits an efficient self-healing ability. Within 4 h of immersion in
Hanks’ solution, the scratches were sealed. No doubt, these recent works
have greatly promoted the development of Mg alloys for biomedical
applications. However, research on self-healing coatings is still at an
early stage, so it would be worthwhile to provide theoretical and
experimental support for future clinical applications.

L1+L2
—1.47

L1
—1.40

Ecorr (Vscg)
substrate
~1.49

conditions
HBBS

Adhesion
5.6
MPa

Thickness

Methods
Immersion

PDA/
HA/
PEI
NPs

L1 L2

substrate
Mg-Zn-Y-

Nd

Class

Table 5 (continued)
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Lift rate, 10mm/min

Wet time,1 min
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Fig. 15. A schematic process flow diagram for fabrication of multilayered PCL/HA/TiO, hybrid coating on ZM21 Mg alloy [372].
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Fig. 16. (a) SEM analysis of apatite mineralized in PCL micropores after (i) 7, (ii) 14, (iii) 21 and (iv) 28 days of SBF immersion, and (b) XRD analysis of apatite
mineralized on PCL/HA/TiO, hybrid coating after 7, 14, 21, and 28 days of SBF immersion [372].

3.4.2. Layer-by-layer (LbL) self-assembled coatings incorporated with healing agents [380]. These coatings have been re-

These coatings involve a multilayered coating architecture in which ported to self-heal when exposed to multiple stimuli conditions,
the individual layers are self-assembled through electrostatic interac- including mechanical scratching, pH changes, and ion exchanges. Zhao
tion, hydrogen bonding, covalent bonding, and charge-transfer in- et al. [294] prepared a multilayered polymethyltrimethoxysilane

teractions [51]. Various methods of depositing LbL coatings on Mg (PMTMS)/Silver nanoparticles (AgNPs)/Polyethyleneimine (PEI) LbL
alloys are reported, including dip, spin, spray, and multistep methods assembled coating on AZ31 Mg alloy by dip-coating method. Crosscut

[379]. The composition and thickness of the LbL coating can be easily artificial scratches (50 mm thick) were used to evaluate the self-healing
modified by tailoring the composition, thickness, and number of response. After immersion in Hank’s balanced salt solution (HBSS),
deposited layers. Due to the involvement of multiple layers, it is possible polysiloxane shows water-swelling behavior, which results in
to integrate a wide variety of corrosion inhibitors, drugs, proteins, and self-healing within 72 h. Additionally, during immersion, the release of
polyelectrolytes into the LbL coatings, providing diverse Ag®" from coating resulted in significant bactericidal activity towards
bio-functionalities in a single coating system. At present, the most S. aureus. A noble two-step spin-spray deposition process was utilized by

commonly used LbL coating formulations are polymer multilayers Zhao et al. [353] for layer-by-layer deposition of polyacrylic acid (PAA)

745



N. Singh et al.

modified CeOs nanoparticles and 3-aminopropyl trimethoxysilane
(3-APTMS) modified SiO2 nanoparticles on AZ31 magnesium alloy. It
has been demonstrated that SiO5 acted as physical barrier against cor-
rosive media, and CeO; provides efficient self-healing by formation of
Ce-rich passive layer at damage site. Recently, different but interesting
work was reported by Ouyang et al. [221]. They coupled layers of an F~
incorporated layered double hydroxide (LDH) with bioactive-glass (Bg)
by spin-coating method on AZ31 Mg alloy. The pH rise is a primary
indicator of Mg corrosion. By increasing the pH value of SBF from 7.4 to
9.0, the fluoride-releasing equilibrium concentration was positively
shifted, facilitating more leaching of F~ from LDH layers. The increase in
alkalinity and F~ concentration together promotes rapid mineralization
of highly stable and biocompatible fluorapatite (Ca;o(PO4)gF2) at the
spatial defects. Such a green and facile self-repairing response indicate
great potential of LbL coating for clinical applications. Nevertheless,
there are several concerns regarding LbL coatings. The preparation re-
quires considerably more time, and the multilayers show weak adhesion
to Mg alloys. In the future, work should focus on evaluating the LbL
coatings in the context of diverse bio-functions, as well as automating
the fabrication process for time savings.

4. Coatings challenges and outlook

The coatings for Mg-based implants are expected to facilitate bio-
degradation at a tailored rate by offering a limited barrier function

Bioactive Materials 19 (2023) 717-757

based upon the bone reunion period [381]. However, coatings do not
behave expectedly. Most coatings with single-constituent fail to meet the
diverse bio-functionalities simultaneously. For instance, ceramic coat-
ings lack adequate corrosion resistance, angiogenic, anti-bacterial, and
osteogenic response. Despite effective corrosion resistance and
biocompatibility, polymeric coatings suffered from poor adhesion and
wear resistance issues. The highly anodic behaviour of Mg alloys stem-
med the greatest challenge for coating’s stability in a complex physio-
logical environment. Due to electronegative potential difference, the
conductive metallic/ceramic coatings affect Mg alloys by galvanic cell
occurrence between the coating and Mg substrate. Such a galvanic setup
resulted in the rapid dissolution of coating layers. Additionally, the
localized potential difference between secondary phase particles and the
Mg matrix results in variable electrostatic attraction, which mechani-
cally destabilizes the whole coating structure and ultimately breaks
down the coating [382]. Some studies have suggested pretreatment
strategies like alkalization, which promote a uniform physiochemical
surface composed of MgO/Mg(OH), to coating layers [383-385].
However, unwanted hydrophilicity provided by these oxides/hydr-
oxides further accelerate aggressive ions’ attack [386]. In contrast,
various biocompatible ceramic and polymers of insulating nature are
reported to overcome issues related with conductive coatings. However,
ceramic coatings are prone to inevitable spatial defects like micro-pores
and cracks formed due to the evaporation of organic residue [387]. The
corrosive media easily penetrate these micro-pores/cracks and start

Immersion time 1-2 weeks 2-3 weeks 3-4 weeks 4-6 weeks
Coatingsl
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- (-phase
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Fig. 17. Schematic illustration of immersion-time-based events responsible for failure of (a) Metallic/Conductive coatings, (b) ceramic coatings, and (c) polymer

coatings on Mg alloys in physiological media.
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active corrosion at the substrate/coating interface. The byproduct of
such corrosion results in Hy evolution and deposition of various
oxide-hydroxide-carbonate species, which cause debonding of the
coating layer from the substrate. With prolonged immersion, continuous
byproduct formation critically weakens the adhesion strength, which
ultimately leads to a failure by delamination [388]. However, polymeric
coatings are relatively free from spatial defects compared to ceramic
coatings. However, polymers are prone to hydrolysis in physiological
media, which rapidly increases permeability and facilitates the absorp-
tion of aggressive ions [389]. Once corrosion starts at the coat-
ing/substrate interface, Hy evolution cause formation of blisters. These
blisters grow continuously with ongoing corrosion and finally burst,
leaving a large exposed area [390]. The time-bound sequence of events
responsible for failure of conductive, ceramic, and polymeric coatings
with prolonged immersion are summarized in Fig. 17. Such coating
failures lead to aseptic loosening, which occurs by erosion of fragmented
particles from coating/substrate. Thus, enhanced degradation rate and
loosening together trigger premature implant failure. Various advan-
tages and disadvantages associated with different coatings on Mg alloys
are summarized in Table 6.

Therefore, a singular organic or inorganic coating cannot address the
required clinical functionalities and is prone to easy damage in complex
physiological environments; therefore, additional barrages are required
on Mg alloys to perform therapeutic tasks efficiently. Accordingly, the
multilayered coatings provide additional barriers against aggressive
ions, which translates into increased corrosion resistance. In a multi-
layer coating architecture, the intervening layers contribute to excellent
adhesion. In addition, the use of multiple layers in a designated fashion
permits the loading of inhibitors and drugs in order to provide smart
characteristics like self-healing and sustained drug delivery. A broad
range of bio-functionalities can now be obtained via multilayer coat-
ings, and this is rapidly becoming a research hotspot.

5. Conclusions

Various in-situ and ex-situ coating techniques have been developed
to improve corrosion resistance and induce diverse bio-functionalities
for Mg and its alloys. However, no coating system is reached for clin-
ical translation. The in-situ chemical conversion coating techniques
resulted in significant adhesion strength, but their application mainly
focuses on depositing inorganic layers on Mg alloys. Despite high
insolubility and bioactivity, the corrosion resistance and adhesion
strength offered by inorganic Ca—P coatings are compromised due to the
presence of spatial defects and random orientation of Ca-P crystals,
respectively. In parallel, R.E elements are introduced to overcome such
issues, but their long-term biocompatibility in physiological conditions
is still debatable. To date, in-situ techniques can produce coatings of
weak organic acids like tannic acid, gallic acid, phytic acid, vanillic acid,
stearic acid on Mg alloys. These acids endow unique bio-functionalities
like an anti-inflammatory response, rapid wound healing, super-
hydrophobicity, rapid mineralization of apatite but suffer from sub-
standard corrosion resistance. However, a Layered double hydroxides
coating shows good corrosion resistance, adhesion strength, and struc-
tural functionalities like self-sealing and self-healing by intercalation of
suitable inorganic anions, but processing parameters like high temper-
ature and pressure conditions limit the intercalation of organic groups.

On the other hand, ex-situ coating techniques like sol-gel provide a
wide range of applicability to deposit organic and inorganic layers. In
particular, deposited natural polymers coatings like phytic acid (PA),
chitosan (CS), and collagen (Col) provide significant anti-bacterial and
osteoinduction response; PLGA and PLA are recognized for enhanced
cellular viability and target drug delivery features; PCL is extensively
reported for excellent corrosion resistance on Mg alloys. Nevertheless,
the structural stability of ex-situ deposited layers is not promising due to
poor adhesion strength.

It can be concluded that the majority of previous investigations are
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Table 6
Advantages and disadvantages associated with various coatings on Mg alloys.
Coatings Advantages Disadvantages
Phosphate Improved osteointegration, Inevitable spatial defects
conversion osteoconduction response, due to evaporation of
Biocompatible High organic residues, Structural
adhesion strength destabilization and
enhanced solubility of Ca-P
due to Mg substitution.
Rare earth chemically stable and Prolonged exposure to

conversion

Fluoride conversion

Organic conversion

MAO

Ion Implantation

Layered Double
hydroxides

Physical vapor
deposition

Atomic layer
deposition

Cathodic
Electrodeposition

Layer-by-layer

Sol-gel

insoluble during long-term
physiological immersion,
Superior anti-bacterial
response, Significant
antitumor activity
Promotes Ca-P
mineralization, Highly
insoluble, significant
corrosion resistance, blood
compatibility,
cytocompatibility
Biodegradable, remarkable
chelation ability to
mineralize Ca®*, PO3~ and
Mg?* into stable compounds,
Excellent self-healing and
superhydrophobic
characteristics.

Superior bonding strength,
wear resistance, and cell-
anchoring response.
Selective surface
modification, low
temperature conditions, and
reproducibility.

High corrosion resistance,
Self-repairing,
biocompatible, anti-
bacterial, and anti-
inflammatory response

Highly uniform and
crystalline coating structure,
significant bone cell
attachment, improved
elastic strain to failure and
plastic deformation
resistance.

excellent corrosion
resistance, conformal and
facile thickness control, and
pin-hole free structure, high
surface finish

Versatility, short deposition
time, room temperature
conditions, and slight
limitation on substrate shape

Sustained and target drug-
delivery, Self-healing,
corrosion resistance
Superior corrosion
resistance, mild
temperature, and pressure
conditions, facile multilayer
arrangement incorporating
organic and inorganic
components.

human body can decline
the locomotor frequency,
induce down-expressions
and other behavioural
deficits

Acceptable to micro-pores
due to H, generation,
internal stresses generation
and cracking

Substandard corrosion
resistance, Poor adhesion
strength with Mg alloys.

Poor corrosion resistance,
biocompatibility.

Residual stress generation,
increased surface
roughness, and uneven
thickness of coating layer.
Unfavorable processing
parameters including high
temperature, and pressure
conditions, and poor ion-
exchangeability of
bioactive molecules.
Difficult to control
deposition temperature,
complex equipment
requirements and high cost.

Difficult to control
deposition temperature,
poor adhesion strength and
lower growth rate.

Poor adhesion strength,
accumulated H, bubbles on
the cathode (i.e., substrate)
severely affects the coating
deposition.

Time consuming, weak
adhesion strength

Poor adhesion strength and
thickness control, prone to
spatial defects.

merely focused on one or two properties, such as corrosion performance
and structural stability. In contrast, a broad range of coating properties,
including clinical functionalities such as osteogenesis, angiogenesis,
hemocompatibility, and anti-inflammatory response, have not been re-
ported simultaneously. The reported work indicated that the coatings
performed well in corrosion resistance and adhesion strength but lacked
bio-functionalities and vice versa. Multilayered inorganic/organic
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coating imparted diverse characteristics such as enhanced corrosion
resistance, adhesion strength, and improved bio-functionalities with
self-healing characteristics. Therefore, multilayered hybrid coatings
with specific organic and inorganic ingredients should be devised on
biodegradable Mg-based implants to fulfill the diverse -clinical
requirements.

6. Future developments and research directions

Recent research efforts are focused on producing novel bio-
functional coatings that emulate the vital function of synchronized
degradation and bone reunion rate. The latest coating studies demon-
strate significant advancements in terms of corrosion resistance and
other bioactive factors, resulting in improved cytocompatibility,
hemocompatibility, anti-inflammatory and anti-microbial performance.
Nevertheless, some issues are pending with the current studies which
should be addressed comprehensively in the future. The administration
of drugs through coatings is reported to be much more effective than
conventional delivery systems. The coatings should be capable to hold
variety of drugs to achieve specific therapeutic response at implanted
site. Further, smart release mechanisms should be integrated into the
coating system to ensure a controlled release of the drug upon arrival at
the intended target site. The multilayered hybrid and composite
organic/inorganic coatings can offer enough potential for futuristic
applications. In such coating structures, biodegradable polymeric layers
are served as outer coating layers for drug storage, the intermediate
ceramic layers provide necessary adhesion electrostatic/chemical
bonding between the outer polymeric layer and Mg substrate, which
otherwise is a major concern for polymeric coatings on Mg substrate.

The handling of coated implants is always a difficult and delicate
task, especially with Mg implants where a coating defect can have severe
repercussions. For this reason, coatings should be equipped with self-
reporting features. Self-reporting corrosion protection coatings can
autonomously indicate coating damage and corrosion before implant
fixation surgery. Till now, the development of self-reporting coatings on
Mg alloy for biomedical applications has received minimal attention. A
comprehensive knowledge framework should be developed for bio-safe
fluorescent indicators. The coatings should be integrated with such in-
dicators so that, in the event of mechanical damage, these indicators will
provide visual confirmation of the defect. As per self-healing function-
ality is concerned, current reports are associated with stimuli-feedback
response against mechanical damage or pH rise only. Only few studies
reported the self-healing response of coatings against rise in concen-
tration of Mg?t, which is also a primary indicator of Mg corrosion.
Preliminary work indicated that multi-responsive nanocontainers could
be developed with self-healing responses triggered by three events;
mechanical scratching, pH rise, and rise in magnesium concentration. In
order to make self-healing coatings more intelligent, such containers
should be incorporated. As moral obligation towards animal ethics to
reduce and replace the animal testing, an advanced three-dimensional
(3D) in-vitro model will be developed using data obtained from com-
parison of in-vivo and in-vitro performance of coatings. To cater the
multifunctionalities, coating preparation processes are becoming more
complex. Thus, facile coating preparation technologies need to be
explored equally.

Apart from discussed future developments and research directions,
few critical areas need to be addressed to better understand coating
behavior on Mg alloys for clinical translation.

e Surface chemistry of the Mg substrate plays a significant role in
deciding the coating’s adhesion strength. Current research studies
are focused on achieving chemically active homogeneous surfaces to
promote additional bonding with Mg substrate. More attention
should be paid to obtaining uniform microstructured surfaces with
similar grain size and homogenously distributed B-phase particles. It
can be achieved by thermo-mechanical surface modification
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techniques like FSP, SMAT, LSM, and LSP as pre-treatment tech-
niques. Uniform electrostatic interaction offered by such surfaces has
excellent potential to enhance the structural stability and adhesion
strength of coatings.

e Long-term corrosion behavior of coated implants under physiological
conditions must be investigated to get an accurate characterization
of coating behaviour in terms of corrosion resistance, loss of adhe-
sion strength and other bio-functional responses. various complex
physiological environments. Generally, in vitro corrosion tests of
coated Mg alloys are performed by simulating only the inorganic part
of human blood plasma, either in a static or semi-dynamic environ-
ment. The coating’s performance should be investigated in a dy-
namic physiological environment containing amino acids, plasma
proteins, and a suitable buffering system.

e Anodic or cathodic coatings? It is still debatable to prefer anodic or
cathodic coatings for Mg alloys for longer protection. As coatings
defects are inevitable, once corrosive media penetrate conventional
cathodic coatings, aggressive ions preferentially attack the highly
anodic Mg substrate. An anodic coating layer with negative corrosion
potential (i.e., Na, K, Ca, and Li) can delay Mg degradation by self-
scarifying characteristics. A combined investigation of anodic coat-
ings coupled with conventional inorganic-organic multilayered
hybrid coatings on Mg alloys can be a breakthrough in the field of
coatings.
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