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Abstract: The challenges and demands of implant materials are changing as a result of the substantial
expansion in the global population. Suitable implants are required for aged people, physical injuries,
patients who need revised surgeries, contaminated implants, and accident victims. Hence, the
requirement for implants is drastically increasing day by day. Metals, ceramics, and polymers are
used as implant materials by biomedical industries for long-term suffering patients. Stainless steel,
titanium and its alloys, aluminum alloys, cobalt, zirconium, etc. (metals), hydroxyapatite (ceramic),
polyurethane, polyethylene, polyimide, etc. (polymers), are some of the examples that fulfill the
implant requirements. There are many other obstructions, such as adhesion, inflammation, and
bacterial attack, which minimize the implant’s performance and its activity. However, coatings on
ideal implant materials are significant to avoid its failure and to enhance its durability and longevity.
Advanced techniques, such as physical and chemical methods, are suitable coating approaches to
promote the surface of implants with respect to mechanical, biological, and other multifunctional
activities. This review paper focuses on and investigates several strategies for bioactive implants’
coatings, analysis, and emerging applications for biomedical industries.

Keywords: implants; coatings; biocompatibility; biomedical; surface modification

1. Introduction

Biomedical implants are a boon for the medical industry, but the selection of implant
materials and extending their lives is a challenging task to meet its ideal requirements.
Implants for cardiovascular, breast, dental, facial, ophthalmic, etc., have a big market world-
wide due to growing chronic diseases. The global implant market is expected to be worth
86.3 billion USD in 2020, rising to 145.6 billion USD by 2030 [1]. Implants are prepared
from bone, tissues, skin, metals, ceramics, and polymers based on the user’s demand [2].
They are prone to the biological environment, which creates many shortcomings, such as
adhesion, inflammation, bacterial attack, corrosion susceptibility, changes in the surface
chemistry, etc. Microbial invasion and its infection of implants are complex processes
that affect the surface properties of materials and surrounding environments [3]. Implant
materials had to be compatible with the host tissue in terms of material, structure, and
surface bonding. Implant microroughness reduces performance and long-term survival
activity [4]. Surface properties of implants, such as wettability and surface energy, influence
the host’s response to biointerfaces [5]. However, coatings of ideal implant materials are sig-
nificant to maintain the superior mechanical properties, corrosion resistance, antimicrobial
properties, and biocompatibility of the implants and to avoid its early failure. Commonly
used implant materials are metals (stainless steel, titanium and its alloys, aluminum alloys,
cobalt, zirconium), ceramics (hydroxyapatite), and polymers (polyurethane, polyethylene,
polyimide, etc.).
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It was found that metal implants leach metal ions, which are toxic for the body and
hence fail to support the patient for a long time [6]. There are many other obstructions that
reduce the implant’s performance and activity, such as poor osseointegration, inflammation,
bacterial infection, age factor of the patient, systemic disorders, size and shape of the
implant, etc. The surface of implant materials has different properties and has unusual cell
interactions. The invasion of microorganisms on implants occurs frequently during surgery,
preventing tissue integration on the surface [7]. Stainless steel, commercial pure titanium
(Cp-Ti), Ti alloys, aluminum (Al) alloys, cobalt alloys, gold alloys, zirconium (Zr), etc., are
reported as the best implant materials for different parts of the body because they exhibit
superior biocompatibility and less foreign body interaction compared to other conventional
materials [8]. Some implants, such as Ti, have good biocompatibility properties, but their
poor wear resistance leads to allergic reactions, which may cause pain in the joint implant
area, weakness, and thereby bacterial infections and implant loosening after a few years of
implantation [9].

Hence, biocompatibility and bioactivity are essential requirements for an artificial
implant to reduce allergic reactions (joint pain and inflammations) and to also exhibit
chemical bonding to living tissues and the formation of a bone-like apatite layer on its
surface. Microbial invasion by implant materials on surrounding tissues must also be
avoided. Bone regeneration at the surface of implants is subjected to surface properties and
biological components, such as proteins, ions, and cells [10]. During implantations, several
reactions are involved between the implant and tissue, such as exchange of ions, protein
adsorption, clotting of blood, and attachment of cells [11]. It is a difficult challenge to have
native tissue osseointegrate with implant materials. Suitable bioactive coatings, such as
osteoconductive coatings, biocompatible coatings, hard coatings, antimicrobial coatings,
coatings for sustainable antibiotic release, antimicrobial paints in clinical environments, and
corrosion resistant coatings, are promising techniques to achieve the ideal surface properties
in the implant materials with respect to mechanical, biological, and other multifunctional
properties. The current review paper focuses on and investigates several implant coating
techniques, which are mentioned and discussed in detail. Figure 1 shows the types of
implants, types of coatings, and their applications in the biomedical industry.
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Biomaterials

316L SS, Ti and its alloy, Ni-Cr, Co-Cr alloy, Ag alloy,

Mg and its alloy and polymers, etc.

Surface modification methods

o DC/RF magnetron o Chemical vapor deposition
sputtering o Dip/spin coating

o Electron beam evaporation o Electrophoretic deposition

o Thermal spray o Electrochemical

o lon beam evaporation deposition

o Pulsed laser deposition o Eletrodeposition

o Thermal evaporation, etc. o Sol-gel coating, etc.

Types of coating can be produced

o Biocompatible coatings (TiO,, o Biocompatible coatings (TiO,, Zn0O, MgO, Nb,O;
TiON, TiZrN, La,Zr,0;, CeSZ, coatings, polymer coatings, etc.)
CaSZ, efc.) o Wear resistant coatings (graphene based coatings)

o Wear resistant coatings (TiN, o Bioactive coatings (Mg, Zn, Sr doped HAp coatings,
TiC, WC, TIAIN, TaN, etc.) bioactive glass coatings, etc.)

o Bioactive coatings (Mg and Zn o Biodegradable coatings (PLA, PCL, PHB, PLGA
alloy coatings Hap based coatings)
coatings, bioactive glass o Antimicrobial coatings (Ag, Zn, Cu, Mg doped
coatings, etc.) metal oxide and HAp coatings, paints, etc.)

o Antimicrobial coatings (Ag, o Wound healing coatings (chitosan, zinc oxide
Zn, Cu, Mg doped metal oxide based coatings)
coatings) o Hydrophobic coating (silane based coatings)

o Bioinert coatings (ZrO;, Al,O, o Photo/thermal sensitive polymer coatings
coating, Ti-Ta-N coatings, etc.) (PNIPAM, thiol-ene based coatings, etc)

o Wound healing coatings (ZnO o Selfassembled monolayer and peptide coatings
based coatings on fabric) (proteins and RGD peptides)

Biomedical applications

o Cranial coatings o Coatings for drug delivery applications

o Coatings on heart valves o Coatings for wound dressing

o load bearing applications o Organic coatings in clinical

o Coatings on pins, plates, screws environments

o Coatings on dental abutments, o Mesoporous coating for bone graft
orthodontic wires and brackets applications

o Coatings for diagnostic o Biodegradable coating for tissue
applications regeneration

Figure 1. Schematic view of types of biomaterials, choices of coatings and its biomedical applications.

2. Types of Implant Coatings
2.1. Biocompatible Coatings

The orthopedic implant material is constantly in contact with the biological organism.
The organism/implant response is significantly influenced by the biomaterial’s surface.
The implant surface exposed to a corrosive environment could release ions into the body;,
which could lead to unfavorable reactions, such as pain and inflammation. It might also
be subject to wear circumstances, as in joints, which would release wear particles into the
surrounding tissue and possibly cause the implant to loosen. Surface modifications of the
implants are required to improve their properties in order to avoid premature intervention
and increase their shelf life.

The growth of bone tissue and its stability on the implant surface are tedious tasks.
Osteoconductive coatings or creating a macro level rough surface on implant surface is
a significant approach to develop bone tissue on implants surface apart from their mechani-
cal properties, compositions, purity of chemicals and crystallinity nature. Osteoconduction
is a bone grafting process for implant materials. Hydroxyapatite, as an osteoconductive
material, is a combination of calcium and phosphate (10/6) and is suitable for bone re-
generation. This material is widely used for bone grafting, which has wide application in
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hip arthroplasty. However, this chemical is also clinically proven compared to tricalcium
phosphate and calcium phosphates similar to calcium fluoride phosphate, magnesium
whitlockites, or phosphate mineral brushite [12]. Calcium orthophosphates are used as
osteoconductive coating materials and also used as scaffolds or cementing substances [13].
Chitosan and gelatin composites have good interactions as scaffold materials on implant
coating because of their mechanical strength, non-toxicity, biocompatibility, biodegradabil-
ity, and low immunogenicity [14].

2.1.1. Calcium Based Apatite Coatings

The surfaces of implant materials, such as metals, ceramics, and polymers, are non-
calcified. Apatite is a chemical component of calcium and phosphate, which demonstrate
superior biocompatibility and osteoconductivity [15]. The blast apatite coating on im-
plants responds well to bone. Surface modification of titanium was accomplished using
hydrothermal hot pressing at 300 °C with hydroxyapatite ceramic coatings to accelerate
apatite densification [16].

2.1.2. Bone Morphogenetic Protein Coatings (BMP)

BMP is a natural protein that promotes the healing of bone tissues and cartilage
automatically in our body. In terms of bone regeneration capacity, implant materials have
limited potential. Bone augmentation on implants is essential to recover the damaged sites.
To increase the function of BMP, the surface topography of Ti implant was acid etched and
sandblasted, which significantly enhanced bone contact [17]. Hydroxyapatite (HAp) based
coatings improved the bioactivity of the implant by osseointegration properties. A porous
hydroxyapatite coating on implant surfaces could trigger bone morphogenetic protein
(BMP) expression and enhance mineralization.

2.1.3. RGD Peptide Based Coatings

Arginyl-glycyl-aspartic acid (RGD) peptide, which is a sequence of three amino-acids,
supports cell adhesion on implants by integrin receptors [18] and transfers the signals
through cytoplasmatic signaling pathways to the nucleus. Rejection of dental implants is
10% due to lack of osseointegration in the early stages due to lack of response from the
biological host, such as extracellular matrix (ECM) protein absorption, surface interactions,
tissue growth, etc. [19]. Rapid bone tissue formation makes the dental implant’s surface
active, which is possible by conjugating the surface with bioactive peptides found in ECM
proteins [20,21].

2.1.4. Mg Based Coating

Magnesium (Mg) is a trace element that is essential for bone metabolism in the hu-
man body. It has several applications in dentistry and orthopedics, as these coatings
have been shown to enhance adhesion as well as the osseointegration process [22]. The
effect of magnesium addition with zirconia-calcium phosphate coatings was studied by
Pardun et al. [23]. These coatings were made by varying the amounts of magnesium
fluoride or magnesium oxide added to yttria stabilized zirconia (YSZ) and hydroxyap-
atite (HAp). The magnesium content influenced coating surface morphology, mechanical
strength, and calcium dissolution [24]. Furthermore, in vitro findings obtained with human
osteoblasts show that the presence of Mg?* ions improves biological performance. The Mg-
containing coatings outperformed the pure YSZ-HAp coatings in terms of cell proliferation
and differentiation. These findings show that adding magnesium to zirconia-calcium phos-
phate coatings increases their bioactivity potential, making them an excellent candidate for
coatings on bone implants.

Bandyopadhyay et al. [25] examined the effect of MgO and ZnO dopants on the
physical, mechanical, and biological properties of tricalcium phosphate (TCP) ceramics.
The study of cell-material interactions and in vitro strength degradation were investigated
over time and received special attention. TCP-MgO-ZnO proved good biocompatibility
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with osteoblastic precursor cells. These findings indicate that the addition of MgO to TCP
ceramics promotes better cell spreading and attachment than TCP alone. On titanium (Ti)
substrates, Mg and Mg-HAp coatings were deposited using RF/DC magnetron sputtering
by Park et al. [26]. Mg and Mg-HAp coatings promoted the differentiation of MC3T3-E1
osteoblastic cells and speed up osseointegration. Mg-HAp and Ti-Mg coated Ti substrates
increased osteocalcin (OCN) mRNA expression by 1.5 and 1.4-fold, respectively.

The antibacterial effect of Mg-based coatings was investigated by two in vitro studies,
one of which examined bovine-derived HAp (BHAp) with MgO or MgF, and the other
looked at Zn-Mg co-implanted titanium surfaces. Fluorination treatment is primarily used
to produce MgF; coatings. The process of immersing Mg alloy in a specific concentration of
hydrofluoric acid solution to develop a protective layer of MgF, on the surface is referred
to as fluorination treatment [27]. According to Mihailes Cu et al. [28], BHAp/MgO and
BHAp/MgF, coatings showed four-fold higher inhibition activity against Enterococcus sp.,
Candida albicans and Micrococcus sp., strains. The in vitro studies prove that Mg-based
coatings enhance cellular behavior in terms of proliferation and morphology, while also
improving the osteogenic markers expression and having significant antimicrobial activity.
In contrast to surfaces that had only Mg incorporated, Yu et al. [29] demonstrated that
Zn-Mg implanted Ti surfaces had the strongest antibacterial activity against bacteria,
such as Streptococcus, Fusobacterium nucleatum, and Porphyromonasgingivalis mutans. The
AZ31B alloy screw was successfully coated with MgF, by Sun et al. [30] and investigated
the impact of the coating on the corrosion rate and osteogenic activity of the implant in
the body. In comparison to uncoated AZ31B screws, MgF, coated screws had a good
corrosion resistance and a slower release rate of Mg?* ions at the beginning of implantation.
Microscopic anatomy of biological tissues study showed that Mg substrate coated with
MgF; showed less inflammation reaction and good osteogenic activity. In vivo studies
of fluorine coated Mg-alloy screws at different durations up to three months show less
inflammation reaction and well osteogenic activity in the rabbit model (Figure 2). This
suggests that fluorine modified Mg-alloy shows better osteogenic activity with fewer
inflammatory effects.
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Figure 2. Hematoxylin and eosin (HE) stained sections imaging around the implants made of
(A) uncoated AZ31 Mg alloy screw, (T) Ti alloy screw, and (F) AZ31 Mg alloy coated with fluorine,
with different intervals. Reprinted with permission from Ref. [30]. Copyright 2016, Elsevier.

Mihailescu et al. [28] used a pulsed laser deposition technique to produce (MgF,,
MgO) doped BHAp thin films deposited on Ti substrates. The deposited thin films were
subjected to compositional, structural, morphological, and biological studies. All doped
BHADp films show adequate bonding strength, and these results support their potential use
in biomedical applications. The surface modified implants with doped BHAp thin films
resulted in good biocompatibility, according to the findings of in vitro cell culture studies
compared to undoped BHAp coatings, the doped BHAp (BHAp:MgO > BHAp:MgF;) had
greater anti-biofilm activity. These findings suggest that BHAp coatings doped with MgO
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or MgF; are suitable for dental applications, as they not only ensure outstanding adhesion
with the surface of implant and improve cytocompatibility, but also effectively prevent
microbial colonization.

Zhao et al. [31] investigated the corrosion resistance of MgF, deposited Mg alloy by
comparing the MgF coating with the natural collagen film. According to the corrosion
study, MgF, significantly reduced the degradation rate compared to collagen coating.
Drynda et al. [32] investigated a selection of fluoride-coated binary Mg-Ca alloys. MgF,
coating was found to reduce the corrosion rate of all binary Mg-Ca alloys. Furthermore,
after implantation in a living body, there were no adverse effects, such as inflammation
and hyperplasia. Jo et al. [33] successfully coated pure Mg with MgF, and HAp layers
using aerosol deposition techniques. The coating had a strong bond to the substrate and
was uniformly dense. The MgF, /HAp composite layers in the simulated body fluid (SBF)
solution slowed the corrosion rate at which uncoated Mg is corroded. In vitro studies
revealed that the layer significantly increased cell proliferation. Additionally, the composite
layers demonstrated good biocompatibility and acceptable corrosion resistance.

2.1.5. ZnO Based Coatings

Due to its high biocompatibility with human organs, absence of toxicity, high photo-
catalytic performance to eliminate a variety of infectious pathogens, good stability, and
affordability, zinc oxide (ZnO) is one of the best materials [34]. Nanoparticles of ZnO are
biocompatible and have improved antibacterial performance with improved corrosion resis-
tance towards a variety of living microorganisms. When bacteria adhered to the surface of
the implant, the ZnO coating induced the formation of a bacterial biofilm, but degenerated
during prolonged exposure, typically after 24 h.

Numerous applications that have been considered for the prevention of bacterial
biofilms, such as food packaging and in the field of antibacterial applications, may benefit
from the hydrophobic phenomenon of ZnO nanostructures on metal surfaces. Combining
ZnO0 to create nanocomposites with other antibacterial active materials is recommended as
a solution to the ZnO insufficient bacterial inhibition properties. ZnO nanoparticles can
be utilized to coat implants to provide antibacterial activity and corrosion prevention. For
instance, at pH level of 13.2, the PEO/ZnO coating on AZ31B alloy implant demonstrated
reduction activity toward E. coli and S. aureus colonies [35]. Upon illuminating with UV
radiation to excite more electron-hole pairs and radical species, the antibacterial activity
can be further improved. In contrast to the sample without UV irradiation, which only
had bacterial inhibition activities of 67.70% against E. coli and 82.47% against S. aureus, the
UV-irradiated sample had bacterial inhibition activities of 98.95 % against E. coli and 94.5%
against S. aureus. Figure 3 shows the bacterial growth inhibition rate against S. aureus and
E. coli with an increase in the concentration of nanoparticles from 1 to 4 g/L (Z1 to Z4) and
exposure time (2 h, 4 h and 6 h) [35].

Due to the low shear resistance of the oxide layer, Ti implants have poor tribological
properties in biomedical applications. The application of ZnO coating through sol-gel method
improved their tribological properties and protected from wear [36]. Nanocomposite coatings
of AgrO/ZnO/NiO thin films can improve corrosion resistance. Varshney et al. [37] stated that
the mechanical behavior of HAp/MgO/ZnO bioceramics had improved. By improving the
crystallinity and physical characteristics of HAp, the composite increases its mechanical
properties. Additionally, a high degree of chemical stability can be attained, which will be
beneficial for use in bone regeneration.
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Figure 3. Bacterial growth inhibition rate against (a) E. coli and (b) S. aureus for the time exposed to
2h,4h, and 6 h, respectively [35].

2.1.6. TiO; Based Coatings

Titanium dioxide (TiO;) is one of the commercially available antimicrobial coatings
due to its stability, reactivity, reusability, durability, and low-cost. Due to its biocompatibil-
ity, mechanical strength, and strong resistance to corrosion, TiO, has numerous applications
in the biomedical field [38]. Hou et al. [39] successfully deposited a TiO, thin film with
a 400 nm thickness onto Mg-Zn alloy surface. According to their findings, the corrosion
rate of Mg-Zn alloy was significantly reduced by the application of TiO; coating, which was
found to be in a dense and amorphous state. Cell experiments further demonstrated the
prepared coating’s ability to improve endothelial cell viability and adhesion, significantly
reduce hemolysis and platelet adhesion, and exhibit high biocompatibility. Peron et al. [40]
used sputtering and atomic layer deposition (ALD) to deposit TiO, thin layer with a
thickness of 40 nm on AZ31 Mg alloy substrate and compared corrosion resistance. The po-
tentiodynamic polarization (PDP) study and hydrogen evolution experiment revealed that
both sputtered and ALD coated TiO, could significantly increase the corrosion resistance
and hydrogen evolution, but ALD coating was more noticeable, particularly in the case of
the porous structure.

Park et al. [41] showed that by adjusting the nucleation growth time during the
deposition process, the antibacterial activity against S. aureus could be improved. TiO,
films nucleated for 2 h and 4 h demonstrated high cell viability more than 95% in the
cytotoxicity test using human dermal fibroblast (HDF) cells (Figure 4), whereas the TiO,
films nucleated for 6 h had a slight cytotoxicity with cell viability of less than 80%. The
production of reactive oxygen species explains TiO, antibacterial effect.
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Figure 4. Cytotoxicity study of TiO, films with respect to nucleation time. Reprinted with permission

from Ref. [41]. Copyright 2017, Elsevier.

Recently, TiO, nanotubes were coated with antimicrobial (Ag) and bioactive calcium
and phosphorus using micro-arc oxidation process [42]. By using the plate count method,
the antimicrobial capability of Ca-P-Ag/TiO; coating was examined against S. aureus. The
porous features in the coating enhance adhesion as well as growth of osteoblasts. By using
RF magnetron sputtering and varying bias voltages, the corrosion resistance of TiO, coated
on 316 L stainless steel (SS) substrates was investigated, as was the corrosion behavior in
a 3.5% NaCl solution after deposition using potentiodynamic polarization (PDP), and it was
found that TiO, displayed better corrosion potential (Ecorr) than uncoated substrates [42].

2.1.7. Carbon Based Coatings

DLC coatings have gotten a lot of attention in the biomedical field, owing to their good
biocompatibility, non-toxicity, non-carcinogenicity, and blood compatibility, all of which
are important for DLC applications [43]. DLCs have also been taken into consideration
for biomedical pressure sensors because of their high piezo resistivity [44]. DLC coatings
have been applied to artificial heart valves, medical wires, joint prostheses, and vascular
stents [45]. Aluminium and its alloys are suitable for use in biomedicine when coated with
DLCs. Artificial joints in orthopedic applications have to maintain patients wide ranges of
motion, therefore, wear and friction are inevitable. The DLC coated metallic implants are
suitable for hip and knee joint applications by providing a low coefficient of friction and
corrosion resistance in human body conditions during service.

Due to their biocompatibility and particularly their antimicrobial property, DLC
coatings have a potential use in surgical instruments because it is known that there is
a negative association between surface energy and bacterial adhesion [46]. The sp?> C
fraction, dopants, and hydrogen content are efficient ways to modify surface energy [47].
The amount of Staphylococci bacterial adhesion on the DLC coated biomaterial surface is
significantly less than that of uncoated biomaterials. By controlling hydrogen content and
dopant, DLC bacterial adhesion can be significantly reduced. The presence of Ag can break
down DNA, rupture the cell wall and cell membrane and it is suggested to use it with
DLC to make it more effective in antibacterial activity [48]. Schwarz et al. [49] prepared
Ag-DLC film through an ion induced polymer densification technique and investigated
the antibacterial properties. The number of bacteria that stick to Ag-DLCs surface is less
than that of a pure DLC because of the release of silver ions (Figure 5). By making the
DLC surface smoother, the amount of bacterial adhesion can be decreased [50]. There are
not many studies on DLC’s ability to inhibit biofilm formation. The DLC surface is very
vulnerable to biofilm formation against C. albicans [51], P. aeruginosa and E. coli [52]. A few
metal doped DLCs are also effective at combating biofilm formation [53].
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Figure 5. Dual fluorescent staining analysis for vital (Green) and dead (Red) bacterial cells on
(a) uncoated and (b) Ag-DLC coated Ti6Al4V substrates. Reprinted /adapted with permission from
Ref. [49]. Copyright 2011, Elsevier.

2.1.8. TiN and CrN Based Coatings

To enhance the surface characteristics and metallic implant materials biological perfor-
mance, nitride-based coatings have been applied [54]. Titanium nitride (TiN) is a popular
coating for orthopedic implant materials because of its biocompatible, low coefficient of
wear and friction, high hardness, and corrosion resistance [55]. With the application of
a TiN ceramic coating, the release of metallic ions from the implant surface to the or-
ganism is decreased, which inhibits bacterial growth. In addition to acting as a physical
barrier between the substrate and environment, ceramic coatings have improved corrosion
resistance [56]. There is a decrease in the release of wear particles due to the improved wear
resistance of the coating property. The material fatigue strength is another enhanced quality.
With respect to hemolysis percentage that was almost zero, TiN has encouraging blood com-
patibility properties [41,57]. As a result, TiN-coatings are used in cardiology for producing
pacemaker leads and ventricular assist devices for patients suffering from heart failure [58].
TiN-coated electrodes are being researched in neurology for the creation of chronically
implanted devices for treating spinal cord injury [59]. Subramanian et al. [60] investigated
the significance of surface modification by applying coatings based on nitrides, oxynitrides,
and ternary nitrides, such as TiN, TiAIN, and TiON, onto medical grade stainless steels and
investigated their electrochemical behavior using SBF solution as an electrolyte. According
to the findings, the ternary nitride coating TiAIN outperformed TiON, TiN and Ti metallic
substrates in terms of corrosion resistance.

CrN coatings have been proven to increase wear resistance and hardness when com-
pared to CoCr alloys, as well as reduce metal ion release from the substrate to the sur-
rounding body. CrN was found to have enhanced corrosion resistance when compared
to TiN, TiIAIN, and DLC in a study [61]. Another study comparing CrN, TiN, and CrCN
coatings found that CrN and CrCN coatings had a 36-fold lower wear rate than uncoated
implants. The additional benefit of CrN coatings is the potential to develop a CrN layer
through plasma nitriding. CrN is occasionally used as an interlayer between a substrate and
a top ceramic coating due to its potential for strong adhesion and to minimize interfacial
stress [62]. Additionally, there was a significant reduction in ion release. Another way to
develop a CrN coating is through utilizing reactive plasma, nitrogen can also be incorpo-
rated into the surface of CoCr to produce a surface rich in CrN. Liu et al. [63] investigated
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and discovered that plasma nitriding and plasma carbonitriding of CoCr alloy increased its
wear resistance and hardness than untreated CoCr alloy substrate. Additionally, corrosion
resistance was improved for both treatments, with the carbonitrided surface outperforming
than nitrided surface. Overall, TiN and CrN-based coatings may be appropriate for joint
implants due to their low wear rates and potential for good adhesion.

2.2. Polymer Based Antimicrobial Coatings

Microbial associated implant infection is a difficult task in the implant industry, causing
implant loosening, chronic pain, bone loss in the affected site, and other complications.
Following implantation, adhered microbes on the implant surface migrate rapidly to the
surrounding site and colonize. After a microbial infection, the traditional method of treating
it with systemic antibiotic use is ineffective in reducing the rate of infection. As a result,
surface modification of materials with antimicrobial properties is an effective method
of reducing microbial invasion in health care environments. Antimicrobial agents are
substances that have inherent antimicrobial properties that prevent microbe growth. Low
molecular weight antimicrobial agents, in particular, are used in the food preservation
industry, antimicrobial drugs, and water/soil sterilization [64]. However, a wide range
of applications are limited by short-term antimicrobial performance with low sensitivity
and environmental toxicity [65]. Polymer-based antimicrobial agents have received a lot of
attention because of their (a) broad spectrum ability against human pathogens, (b) long term
performance, (c) stability in harsh environments, (d) compatibility with the environment,
(e) ease of synthesis, and (f) cost-effectiveness [66].

2.2.1. Polymers

Polymers have attracted much attention in a variety of applications due to their ease of
fabrication, low cost, and simple surface modification [67,68]. Polymers have been used for
a variety of applications ranging from drug delivery, tissue engineering, antimicrobial coat-
ings, bioinert coatings, wound healing, and bone graft applications. Polymers, including
polyquaternary ammonium salts (PQAS), polyethyleneimine (PEI), chitosan, poly cationic
hydrogels exhibit intrinsic antimicrobial activity for biomedical applications. Biodegrad-
able polymers, such as PLLA, PLGA, PGA, PEE, PDLLA and PBT, are increasingly used
to fabricate 3D porous scaffolds for peripheral nerve growth and creating artificial blood
vessels [69]. Fibrous scaffold polymer coatings, such as PLGA, PEVA, PLLA-CL, silk fibroin
and gelatin, are used as porous scaffolds for musculoskeletal engineering construct, includ-
ing ligament, bone, cartilage, vascular and nerve tissue engineering applications [70,71].
In addition, polymers such as PLGA, collagen and PLA polymers are effectively used in
cartilage tissue regeneration applications [72].

2.2.2. Coatings for Sustainable Antibiotic Release

In the medical industry, prosthetic joint infections cause antibiotic resistant biofilm,
which often creates antibiofouling or antimicrobial surfaces for the prosthetic treatment.
Several antibiotics are conventionally available to treat infections, such as cellulitis, arthritis,
endocarditis, pneumonia and biliary tract infections. Usage of standard protocols, such
as systemic delivery of antibiotics for both prevention and treatment for suffering liver
and renal complications, needs to look for it. However, poor penetration of antibiotic into
affected sites which requires hospitalized monitoring [73]. Particularly, more efficient way
of antibiotic release is highly desirable; as a result, variety of in situ drug releasing surfaces
is under consideration to develop drug eluting surfaces. The main advantage of in situ
drug release is to deliver the therapeutic dosage at or near target sites to maximize the drug
efficiency as well as avoiding side effects. The sustainable drug release comprises several
ways, including (a) the entrapment of biocidal agents within the device (b) adsorption of
antibiotic in porous structure (c) loading antibiotic in the internal cavities and (d) deposition
of drug/antimicrobial agents onto the surface [74].
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Chitosan (CH) is an abundant natural polymer that can be used in both tissue and den-
tal applications due to its outstanding biodegradability, biocompatibility, and non-toxicity
nature [75]. Doxorubicin-CH was formed by electrophoretic deposition and implanted
near the tumour site to arrest cancer metastasis. Results stated that the doxorubicin-CH
coated Ti6Al4V implant effectively inhibit G-292 cancer cell growth as that of doxorubicin
powder inhibition effect. Similarly, drug release kinetics of doxorubicin are decreased
due to the addition of hydroxyapatite to the coating (doxorubicin-CH) formulation [76].
Ag nanoparticles/gentamycin loaded into silk fibroin coated on Ti implants with CH as
a barrier was prepared and investigated CH loaded silver nanoparticles exhibited
a prolonged drug release profile even in the acidic environment [77]. Deposition of the
paclitaxel drug, which is used for lung, ovarian, and breast cancer, onto Ti6Al4V alloy by
electrochemical deposition and during treatment, HY926 cells exposed to the paclitaxel
drug showed a significantly lower survival rate. It is also noticed that the electrodeposition
did not affect the physicochemical properties of the drug [78].

In addition, HAp coated samples could absorb more drug than uncoated HA samples.
From their investigation, they stated that electrochemical deposition did not alter the
medical function of paclitaxel drug as well as porous HAp coating enhanced paclitaxel
drug loading efficiency. Antibacterial efficiency was checked by the electrodeposition
method using S. aureus for vancomycin-CH /hydroxyapatite coating [79]. After a few hours
of immersion treatment, 80% of vancomycin was released in phosphate buffered saline
condition (pH 7.4) which significantly arrested the growth of S. aureus. Zone of inhibition
(ZOI) assays revealed that vancomycin drug exhibited the antibacterial zone of 30 mm for
more than a month. In addition, vancomycin-CH/hydroxyapatite coating significantly
enhanced the attachment, proliferation and differentiation behavior of osteoblasts, such as
G292 cells [79]. Curcumin/CH loaded coating onto the layer of bioactive glasses, polyether
ether ketone (PEEK) was then deposited onto a medical grade 316 L SS substrate. The
drug deposited stainless steel samples were performed for antibacterial activity against
E.coli and S.carnosus. Further, multilayer coating triggered an apatite-like layer on the
implant surface [80]. HA/ciplastin coating was prepared onto a magnesium substrate
using electrochemical deposition for anti-tumor applications, whereas a slow and steady
increase in the drug profile indicated that cisplatin exhibited sustainable release and was
better employed for anti-tumour treatment in pH 7.4 buffer solutions [81].

2.2.3. Corrosion Resistant Nature of Coatings

Post implantation, deterioration of the surface of implanted materials is an avoidable
situation, wherein, the metal ions will leach from the surface of the implant materials to the
surrounding tissues. Numerous ions, such as Na*, K*, C1~, SO, 7, etc., present in the blood
plasma frequently interact with the implant surface. It is well known that every material
exhibits their unique potential (voltage), in which, it evolves corrosion protection nature.
Once the body current exceeds the limit, then there is a possibility of breaking down of
passive layer on the implants, thereby, pitting corrosion occurs. Pitting is the condition of
forming a microhole on the surface of the implant, from which metal ions are drastically
released and deposited in the surrounding tissues. The deposition of metal ions tends to
cause an immunogenic response, and subsequent immune cells will be recruited at the site
of the inflammation. The above situation causes severe health issues, such as pain, bacterial
infection, morbidity, and mortality.

Hence, there is a need to modify the surface of the implant, through which corrosion
protection can be improved. At the same time, surface modification should not affect
its mechanical behavior. Different types of materials, including ceramics, metal nitrides,
biopolymers, and metal oxide coatings, have been used to enhance the implant materials’
performance. Biocompatible ceramic coatings improve surface hardness, mineralization,
and corrosion resistance. Especially, zirconia (ZrO,) exhibited toughness and corrosion
protection nature against body fluids, such as artificial blood plasma and artificial saliva
solution [82]. Further, ZrO, and its allotropes (tetragonal zirconia) performed with superior
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wear and scratch resistance properties, which is the idealistic approach for implant applica-
tions. Titanium and zirconium carbide (TiC and ZrC) deposition onto medical implants
using physical vapor deposition (PVD) have been considered for total knee and hip replace-
ment prosthesis. Though carbide and carbonitride coatings failed to express microbicidal
behavior, it exhibits superior wear resistance properties for improving durability of the
implants [83].

Hydroxyapatite coating by electrochemical deposition significantly improved bioactiv-
ity and corrosion resistance [84]. In addition, HAp admixed with metal oxide nanocompos-
ites are effectively elevate the mechanical and corrosion protection nature. Consumption
of antibiotics in the post implant surgery is prerequisite procedure to avoid unnecessary
microbial infection as well as inflammatory conditions. However, prolonged antibiotic
consumption may lead to organ damage, which further leads to morbidity and mortal-
ity. Fabrication of antimicrobial agent containing ceramic nanocomposite coatings show
positive response even to the multi drug resistant bacterial strains, from which antibiotic
consumption and its subsequent side effects can be minimized [85,86]. Table 1 shows the
multifunctional materials and their mechanical, antimicrobial, and biological behavior for
biomedical applications.

Table 1. Multifunctional coatings and its mechanical, antibacterial and biological properties.

Antimicrobial

Osteogenesis

Corrosion Behavior

. Deposition . .
Coating Technique Mechanical Properties Properties Function Analysis Ref.
Ag-CaSZ and CaSZ Ag-CaSZ improved CaSZ and Ag-CaSZ I d .
Ag-CaSZ coating E-beam evaporation coating improved wear antibacterial property improved osteoblast mpro;fgtecct(i)é;mlon [87]
resistant property against P.aeruginosa cell proliferation P
. TiC significantl Failed to prove Improved cell .
. . DC sputtering . & y . . . . Improved corrosion
TiC and ZrC coating : improved mechanical antibacterial activity adhesion and ; [88]
technique properties against Paeruginosa proliferation protection property
Bioactive glass and
ioacti Bioactive glass and HAp coating
HAp and bioactive Pulsed laser . B1oact1ve_3 gl.ass HAp coating improved corrosion
" deposition - improved significant tecti ture i [89]
glass coating technique antibacterial bropert enhanced osteoblast protection nature in
q ibacterial property cell proliferation simulated body fluid
(SBF) condition
Ag-ZrO; coating Ag-ZrO; significantly High concentration of
Ag-7ZrO, DC sputtering improved adhesion improved antibacterial Ag-ZrO, diminished An the cozted samples [90]
bioceramic coating technique strength amidst coating property against E.coli cellular adhesion and 1?&2%¥ieonmgozl§n
and steel surface and S.species growth P property
TiAIN and AITiN coating
. ] xhibited higher surface
TiAIN and AITiN Magnetron € &
coating sputtering hardness and scratch - - - [91]

resistant property on Ti
alloy substrate

3. Commercially Available Multifunctional Coatings

In the implant industry, numerous implants have been used for a variety of biomedical
applications for the past 50 years. However, very few materials and compounds have
been commercially available in the market. Among them, Sree Chitra Tirunal Institute
for Medical Sciences and Technology (SIRTRA), India, developed a TiN coated Co-based
alloy and produced a low cost cardiac valve [92]. Marcin Kozakiewicz et al. fabricated
custom-made zirconium oxide implants for reconstruction of cranial bones [93]. The
company named “Copper Development Association Inc. has developed a multifunctional
corrosion and wear resistant TiN coating. In addition, clinical professors, Cassagnol and
Saad fabricated sirolimus drug eluting polymer coated metallic stents to prevent restenosis,
preventing excess growth of neointima. The developed drug eluted stents were approved
by the United States for the patients undergoing percutaneous coronary intervention
(PCI) [94]. Houssam Sahwil reported that DDS labs produced FDA approved, metal free
and high flexural strength, white color, low elastic modulus of zirconia dental implant to
improve durability [95]. Gradinaru et al. developed a hydroxyapatite based ocular implant
especially for eviscerated patients [96]. In addition, various metal oxide nanocomposites
and polymers are in the queue for commercialization in the near future.
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4. Conclusions and Future Directions

Implant and bone interface properties are significant because of fast osseointegration.
In order to improve the strength as well as the quality of bone-implant contact, multi-
functional coatings are applied based on the application of implants. Ideal implants have
superior mechanical and corrosion resistance properties, but to achieve the superior surface
properties, osteoconductive based coatings, biocompatible coatings, and polymer based
antimicrobial coatings are effective to enhance the implant’s life. Surface modification
of materials is a prerequisite process for improving the performance of bulk materials,
including metals and metal alloys, polymers, ceramics, etc. In the biomedical industry,
surface modification is mainly involved to enhance the bioactivity, biocompatibility, and
mechanical stability of the materials. Different types of materials have been involved for
the above three major applications in the human body. For cranial applications, zirconia
and its allotropes and alumina coatings were used on the Ti implant surface. Different
types of coatings are used for oral applications, such as TiN/TiO,, ZrN and TiON on
orthodontic wire, for improving corrosion resistance and avoiding bacterial invasion in
artificial saliva solutions. Hydroxyapatite coatings on dental abutments are performed
effectively to improve osseointegration properties as well as reduce the risk of bacterial
infection. Drug eluting polymer coating also used effectively in dental implants, heart
stent and orthopedic implants to release antibiotic drug, morphogenetic protein delivery
for improving durability of the implants [97]. Wear resistance coatings have also taken
considerable attention to withstand the implant material from wear and deterioration. TiC,
ZrC, AICrN, TiZrAIN and its multilayer coatings have been used to modify the surface
of total hip and knee replacements and ankle implants. In addition, HAp and metal ox-
ide nanocomposites coatings are employed to reduce dissolution behavior of HAp and
improve its performance. At the same time, silver, zinc, and copper containing ceramic
coatings drastically reduced bacterial invasion as well as their biocompatibility. The above
antimicrobial agent containing surface modification system could help to avoid prolonged
consumption and its subsequent impacts.

Last but not least, various types of surface modification techniques are used, such as
physical vapor deposition, chemical vapor deposition, electrochemical deposition, spin
coating, dip coating, sol-gel coating, electrodeposition, and electroless deposition. From our
literature survey, we summarize and suggest that the physical vapor deposition method is
an effective tool to modify the surface mainly due to its intrinsic characteristics, including
better adhesion strength, high crystalline fill without defect on the coating surface, which
causes better performance of the surface coated implant even in an aggressive body fluid
environment. This paper has critically reviewed different types of bioactive coatings for
multifunctional properties of implants materials that are effective for the patient.
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