Open Access Article. Published on 02 November 2021. Downloaded on 4/1/2026 12:22:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online
View Journal | View Issue

REVIEW

Surface engineering of biodegradable implants:
emerging trends in bioactive ceramic coatings and
mechanical treatments

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2021,
2,7820

Sagar Nilawar,® Mohammad Uddin*® and Kaushik Chatterjee (2 *®

Biodegradable polymers, metals, and ceramics have emerged as promising alternatives to prepare
degradable implants in recent years, which are better alternatives to conventional non-degradable
implants to treat a broad range of disorders. Surface engineering strategies are widely applied for
enhancing their performance, including orthopedic, cardiovascular, and craniofacial devices, among many
others. Bioactive ceramic coatings on degradable biomedical implants can enhance bio-integration and
augment healing while tailoring the degradation rate of the device. Bioactive ceramics form a chemical
bond with the surrounding tissue, thus helping in the integration process of the implanted polymer or
metal device. Several coatings also impart antibacterial activity to minimize infections. Additionally,
mechanical surface treatments have emerged as a promising route for surface engineering and have been
predominantly used to modify the surface of degradable metallic implants. The mechanical treatment of
the surface primarily enhances the bio-corrosion resistance of the implants without compromising
biocompatibility. Surface mechanical treatments also improve the biomechanical performance of the
implant through surface nanocrystallization. The present review gives an overview of bioactive ceramics
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commonly used as a coating material for degradable biomedical implants and the effect of bioactive
ceramic coating on their biological, corrosion, and mechanical responses. This review also features state-
of-the-art mechanical techniques utilized for surface modification of degradable implants. Gaps in the
current technology that can be addressed in future research are identified to improve the clinical success
of surface-modified degradable implants as they rapidly emerge as the next-generation devices.
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infections. In contrast, degradable implants are attractive for
short-term applications to provide an appropriate response to

1. Introduction

Biomedical implants are used clinically to replace, support, or
enhance non-functional tissues and organs owing to disease,
trauma, or congenital defects. In the last few decades, implants
have increasingly been developed to assist in the repair and
regeneration of tissues as an alternative to transplants, which
are scarce and prone to eliciting an adverse immune response."
Biomedical implants can be broadly categorized into two
groups, non-degradable and degradable implants based on
the biomaterials used. Non-degradable implants are typically
used for permanent or long-term applications as replacements.
In many applications, these implants will need a second
surgery for removal after the completion of the desired healing
response to minimize undesired effects and are prone to
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the healing site. These implants are designed to degrade and
would not need a second surgery. The degradable implant can
be fabricated using various degradable materials, including
polymers, metals and their alloys, and ceramics.” Degradable
polymers include naturally sourced polymers such as
chitosan,®* collagen,® and silk fibroin,® and several synthetic
polymers, including polyesters (such as poly(lactic acid)
(PLA),”° polycaprolactone (PCL)'*'"), polyanhydrides,'® and
polyorthoesters,”® among others. Metals such as Mg,'*"
Zn,"®'” and Fe'® and their alloys are the most widely studied
degradable metallic biomaterials. Bioactive glasses'® and calcium
phosphates® are among the most commonly studied bioresorbable
ceramics. Many comprehensive reviews are available in the literature
on each of these classes of degradable materials.**>*

Bioceramics are often classified into bio-inert, bioactive,
and resorbable categories based on the biological response to
the implanted ceramics. After implantation, a thin fibrous
tissue layer forms on the surface of a bio-inert ceramic to
generate a minimum tissue response and poor bio-integration

© 2021 The Author(s). Published by the Royal Society of Chemistry
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because of the separation between the surrounding tissue and
the implant surface. Bioactive and resorbable ceramics tend to
form chemical bonds with the host tissue that facilitate bio-
integration. Resorbable materials are resorbed over time and are
replaced by host tissues. Some of the key challenges associated with
using bioinert implants other than fibrous capsule formation
include bacterial infection, chronic inflammation, and constant
physical discomfort.> However, bioactive ceramics help in bio-
integration with the surrounding tissue and they offer additional
benefits by imparting antibacterial activity’” and augmenting
angiogenesis.”® Bioactive ceramics are brittle and have poor strength
and fatigue resistance. Thus, bioactive ceramics are not preferred
for use alone as load-bearing implants. The application of bioactive
ceramics as a coating material on implants can overcome this
limitation and offer the desired combination of load-bearing proper-
ties of the substrate and the bioactivity of the coating. Aside from
bioactivity, coatings can help in modulating the degradation rate of
rapidly degrading materials and enhance their surface hardness.

Besides coatings, mechanical surface treatments of the near-
surface or bulk biomaterials are considered potentially cost-
effective and efficient strategies to enhance the bio-corrosion
performance. As these processes do not deal with any additional
new materials except for the original base substrate material, there
are no additional challenges associated with biocompatibility.
A unique advantage of the mechanical treatments over the coating
process is that it improves the biomechanical integrity of the
material in terms of increased strength®’ and fatigue
resistance®®* of implants. Different mechanical surface treatments
such as machining, shot peening, ball burnishing, and laser
peening have been studied predominantly on Mg-based alloys,
with fewer reported attempts on other biodegradable alloys.
Biodegradable polymers are generally too soft and are not subjected
to such treatments.

Recognizing the benefits of coating and surface mechanical
treatments on degradable materials, there have been several
attempts in recent years to modify the surface of resorbable
implants. In this review article, we first focus on the overview of the
polymeric and metallic materials used to develop biodegradable
implants. Next, the emerging trends and current state of the
art in the field of bioactive ceramic-based coatings and surface
mechanical treatments on degradable biomedical implants
are summarized in the review. The first part of the article high-
lights the various categories of bioactive ceramics and their
application in the coating of biomaterials. We also describe the
deposition methodologies used to prepare the coatings. The
second part presents various surface mechanical treatments to
modify the corrosion and biomechanical properties of degradable
Mg-based biomaterials. Finally, the gaps and opportunities for the
future for this field are highlighted.

2. Clinical significance of
biodegradable implant materials

In order to address the stress shielding and secondary surgical
intervention associated with permanent metallic implants,
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biodegradable materials have attracted significant attention
and are being widely considered for orthopedic implants and
cardiovascular stenting.”>?**' Gradual degradation with a
suitable rate while providing mechanical and surface integrity
is crucial to realize the functional benefit of biodegradable
materials. Despite recognizing their potential benefits, there
are still limited choices of biodegradable materials, and
researchers are continuously exploring new types of materials or
improving the existing ones to achieve the desired functionality.
Biodegradable metals and polymers are widely used biomaterials
as implants/devices. The following section briefly summarizes the
state-of-the-art development of these two types of biodegradable
materials in recent times.

2.1 Fe-based degradable alloys

Owing to their superior mechanical properties, such as high
strength (up to 1450 MPa) and high ductility (up to 80%
elongation), Fe-based biodegradable metal alloys have been
studied as potential degradable implants such as stents in
earlier times.*” In vivo animal tests reported that while Fe-based
alloys did not show any significant evidence of inflammatory
response or systemic toxicity to the host immune cell, they
exhibited two main limitations - (1) slow degradation (Fe stent
remained intact and maintained its mechanical integrity in 6 to
18 months follow up post-surgery). Fe-based implants usually
have a degradation rate of less than 1 mm/year, and the release of
Fe ions takes place at ppm level in vitro,>>** (2) ferromagnetism of
Fe causing incompatibility with crucial medical devices such as
MRI for diagnosis and assessment. It may limit full-body scanning
at security checkpoints. These observations motivated researchers
to explore new alternative approaches to increasing the
degradation rate and minimizing the detrimental effect of
ferromagnetism.

One alternative was to introduce different alloying elements
such as manganese (Mn), palladium (Pd), tungsten (W), tin
(Sn), boron (B), carbon (C), silicon (Si), cobalt (Co), etc., into Fe
to accelerate the corrosion rate while maintaining mechanical
integrity. For instance, the Fe30Mn6Si alloy showed a higher
degradation rate than the Fe30Mn alloy while minimizing
magnetic susceptibility.*® Other alloying elements, namely,
Co, W, B, and C, were shown to improve the yield and ultimate
strength of Fe, but Sn caused a reduction in overall mechanical
properties.’>® Adding Mn and Pd elements together into Fe in an
appropriate ratio also increased the corrosion rate. For example,
the degradation rate of Fe-10Mn-1Pd accelerated ten times that
of low carbon steel.*”

In addition to the alloying elements, the choice of
manufacturing route also affects the microstructural and sur-
face characteristics of Fe-based alloys. For example, a highly
porous Fe-Mn alloy produced by powder metallurgy, inkjet 3D
printing, and electroforming showed faster in vitro degradation
than the same alloy made by the traditional casting
process.>®*™° In this regard, the primary reason for the faster
degradation is smaller grains with more grain boundaries and
microstructure defects which are more susceptible to corrosive
attack. Furthermore, the porous surface texture allows the
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corrosion medium to penetrate into the materials, thereby
accelerating the degradation rate.

To achieve a faster degradation rate of pure Fe, a variety of
secondary phases were added into the Fe matrix to generate
micro-galvanic corrosion between the Fe matrix (anode) and
secondary phases (cathode). W and carbon nanotubes (CNTs)
are conductive and act as superior cathodes. Yet, the in vitro
corrosion tests demonstrated a marginal enhancement of the
degradation rate, other than an increase in strength, when
secondary phases (W and CNTs) are added into the Fe alloy.*!
Therefore, they might be a good choice for high load-bearing
permanent implants instead of biodegradable ones.

Unfortunately, there are limited animal trials showing an
unfavorable degradation rate of Fe-based biodegradable materials.
For instance, Feng et al. deployed bio-corrodible nitrided iron
stents in juvenile pig iliac arteries, and at three or six months
post-operation, the stented vessels remained well patented.*” So,
the results indicate that the degradation of Fe is minimal. In other
words, Fe-based alloys do not completely degrade. Because of these,
Fe-based alloys still face challenges for potential use in clinical
applications, and perhaps more studies are needed to revolutionize
the desired properties of Fe-based biodegradable materials.

2.2 Mg-based degradable alloys

Magnesium (Mg) is essential to human metabolism and is the
fourth most abundant cation in the human body. In addition,
Mg is a cofactor for many enzymes, which stabilizes the
structure of DNA and RNA. Mg exhibits fast corrosion in the
chloride-containing physiological environment. Thus, Mg has
emerged as a biodegradable and biocompatible material for
potential use as implants. Initially introduced by the
Australian-German physician Erwin Payr, Mg has been used
for recovering joint motion for bone fracture fixation with wires
and pegs as intramedullary rods.*® Later, the use of Mg sheets
was studied for restoring joint motion in animals and humans.
However, the rapid generation of hydrogen/hydroxide anions
due to the corrosion in Mg could pose serious problems for
patients. For instance, such severe side effects of rapid
generation of hydrogen may prevent the possible application
of an Mg stent in the blood circulating vascular system.**
Therefore, the rapid degradation of pure Mg due to accelerated
corrosion in a physiological environment is found to be the
main concern and prevents the use of Mg as an implant in bone
or joint repair procedures.

In order to overcome the challenge posed by pure Mg,
researchers have explored the potential opportunity of improving
the corrosion performance by alloying various appropriately
selected elements with Mg. For instance, metals such as zinc
(Zn), calcium (Ca), aluminum (Al), silver (Ag), yttrium (Y),
zirconium (Zr), neodymium (Nd), and Mn have been used as
alloying elements to enhance the mechanical properties and
corrosion behavior. Mg-Ca, Mg-Ca-Zn, and Mg-Zn are a few
examples of Mg-based alloys. Cha et al. implanted and observed a
bone screw made of as-extruded biodegradable Mg-5.0Ca-1.0Zn
alloy on the femoral condyle of a New Zealand white rabbit for
24 weeks.* Histological and micro-computed tomographic
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analysis shows the new bone formation and modeling with
reduced bubble formation and foreign body response around
the progressively degraded implant sample.

Thus, with a suitable selection of alloying elements and their
compositions, the microstructure of a Mg material can be
designed in such a way that the mechanical properties become
similar to those of cancellous bone, hence making it ideal for
use as a bone substitute. Recently, Farraro et al.*® conducted
case studies exploring the efficacy of Mg-based alloys in tissue
engineering. Both in vitro and in vivo studies reveal an
improved performance of the interference screw in terms of
joint stability and graft function with gradual complete
degradation of Mg alloys.

Li et al.*” developed pins made of Mg-Ca alloys by varying
the Ca concentration and using different fabrication techniques,
implanted them into left and right rabbit femoral shafts, and
monitored the degradation process for 1, 2, and 3 months. Initial
cytotoxicity tests showed that the Mg-1.0Ca alloy did not induce
any toxicity in the cells. Periodic observation of implanted pins
revealed that Mg-Ca alloy pins degraded gradually during the
test period, as observed by the reduction of the pin diameter.
Furthermore, new bone was found to be formed around the
Mg-Ca alloy pins, indicating the superior mechanical integrity
and osteogenesis of Mg-Ca alloy pins around the bones.
A ternary alloy of magnesium with alloying elements such as
Zn and cerium (Ce) was studied by Behera et al.*® The ternary
alloy showed the best corrosion resistance potential compared to
binary Mg-Zn and Mg-Ce alloys. Furthermore, they showed that
the ternary alloy exhibited the highest osteogenic differentiation
potential compared to other alloys with a good combination of
mechanical and degradation properties.

Mg alloys containing Zn and Mn elements (e.g., Mg-2Zn-
0.2Mn and Mg-1.2Mn-1.0Zn) were studied by Zhang et al*’
The alloys showed satisfactory mechanical properties and
biodegradation performance. However, it was shown that
Mn and Zn-based alloys degraded relatively faster. For instance,
a 9-week implant of Mg-Zn-Mn-based alloy revealed 10-17%
degradation, whereas, after 8 weeks, the degradation of the
same implant increased up to 54%.

Therefore, it is evident that unlike Fe-based alloys, Mg-based
alloys showed very promising results in terms of degradation
and are highly regarded as potential biodegradable implant
material candidates. Nevertheless, the faster degradation with
simultaneous loss of mechanical integrity is still the primary
impediment in the clinical use of Mg-based alloys. This
indicates that new ways of controlling the degradation rate
matching with bone healing while maintaining favorable bio-
mechanical integrity are crucial to leverage the full benefits of
the Mg-based degradable implant/device material.

2.3 Polymer-based degradable materials

Like metal-based degradable materials, biodegradable
polymers are widely used as important bone repair implants
and for tissue engineering applications, where load-bearing by
an implant is not an essential requirement.*® There are two
major classes of polymers - natural (e.g., chitosan, silk fibroin,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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collagen, etc.) and synthetic (e.g., PLA, PCL) polymers. However,
because of high physiological activity, high degradation rate,
and poor mechanical properties, natural polymers have limited
application. Collagen is generally used as a decellularized tissue
construct prepared by physical, chemical, or enzymatic decellular-
ization of tissues. The immune response and sterilization are
some of the key limitations associated with collagen.” Chitosan is
another naturally occurring degradable polymer. Owing to its
poor strength, chitosan is primarily used as a hydrogel and
sponge in biomedical applications.! Silk fibroin is obtained by
degumming of silk cocoons. It is used in drug delivery and tissue
engineering applications.® Silk fibroin-based coating was applied
on magnesium alloys to improve the corrosion resistance.”’">
Instead, researchers have intensely focused on developing
synthetic polymers with tailored properties to address the
stringent requirements of medical devices/implants. Broadly,
three synthetic degradable polymers, namely PLA, PGA, and
PCL, are commonly studied, as their safe use and degradation
within the body have been demonstrated. Historically, surgical
sutures and meshes have been prepared from these polymers.>*
PLA was first reported in 1960 and used as rods for mandibular
fractures in dogs. Since then, the use of degradable PLA has
ramped up with the continual development of new derivatives of
PLA, such as 1-PLA and pi-PLA.® Based on glycolic acid, synthetic
PGA has high crystallinity, melting point, and low solubility and
was first introduced in a similar timeline of PLA as degradable
suture lines.>* But PGA degrades at a relatively faster rate due to
its hydrophilic surface properties. To address this limitation, a
combination of a copolymer of PLA and PGA, forming a new PLGA
variant, is developed and used as biodegradable fibers. A very
unique and popular PLGA bone fixation product is the Lactosorb
Craniomaxillofacial Fixation System developed by Biomet. On
the other hand, PCL, a biodegradable aliphatic polyester, is
predominantly employed for use in implants. Due to its hydro-
phobicity and high crystallinityy, PCL shows much slower
degradation than PLA and PGA.>® Furthermore, PCL can be easily
formed into various geometric shapes, making PCL a popular
candidate as a medical implant/device in the medical industry.>®
Apart from these, synthetic degradable polymers have been
successfully prepared from naturally occurring monomers such as
polyols® and plant oils*®*® for various biomedical applications,
including drug delivery and bone tissue engineering scaffolds.
Several factors such as easy availability, low cost, and high
reactivity of the monomers make them attractive substitutes
prepared from renewable resources for degradable polymer
synthesis over polymer derived from petrochemical sources.
Biodegradation of polymeric implants in the human body
fluid environment occurs through two key mechanisms. First, it
starts with physical biodegradation where microorganism
attacks the polymer, causing hydrolysis and ionization to form
polymer-like oligomer debris. Second, the polymer degrades
through chemical reactions and direct interaction with the
abundance of microorganisms or enzymes, resulting in micro
molecules forming carbon dioxide and water by-products.®
Despite excellent degradation properties and biocompatibility,
biodegradable polymers have very limited use for diverse
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medical devices applications. This is mainly due to its very
low stiffness and strength, X-ray transparency, and in many
cases, accelerated degradation and foreign body reactivity,
depending on individual patients. As a result, further surface
modifications of biodegradable polymers are often sought after
to control the degradation rate, enhance the biocompatibility,
and improve the mechanical properties.

3. Bioactive ceramic coatings

In this section, we describe a variety of bioactive ceramics that
have been successfully applied to degradable biomaterials.
They offer several benefits such as antimicrobial activity, tissue
formation activity such as osteogenesis, angiogenesis, and
other properties such as corrosion resistance and mechanical
properties (Fig. 1).

3.1 Zinc oxide

Zinc oxide (ZnO) is widely used in food packaging and textile
coating applications as an antimicrobial agent. A variety of
mechanisms underlying the antibacterial activity of ZnO particles
have been reported. Zn>" ions released from the particles damage
the bacterial membrane, resulting in leakage of intracellular
matter. The generation of reactive oxygen species (ROS) by ZnO
and its penetration into the bacterial cell envelope are among the
other proposed mechanisms.®’ Nevertheless, the mechanism
underlying the antimicrobial action of ZnO particles continues
to be an active topic of research. There are also several
mechanisms reported in the literature that describe the osteo-
genic activity of ZnO. The release of Zn>" ions from the ZnO
particles primarily enhances osteocalcin expression by activating
the mitogen-activated protein kinase pathway. Upregulation of
Z1P1 expression, a transporter of Zn*>" ions, promotes the RUNX2

Anti-
bacterial

Tissue -
integration

Angiogenesis

<«—— Bioactive
Ceramic Coating

R

Mechanial
Properties

IrDegrradabIe Implant

Degradation

Matrix-
mineralization

Fig. 1 Bioactive ceramic-coated implants and their potential role in
improving the overall performance of the implant.
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gene expression.”” Upregulation of these genes is shown to
improve new bone formation. On contact with water molecules,
ZnO particles generate Zn-OH functional groups at the surface.
These groups act as nucleation sites for hydroxyapatite (HA)
formation and further enhance the mineralization process to
support osteogenesis.®® It has also been shown that ZnO coating
helped in stimulating the macrophage polarization to both M1
and M2 phenotypes and improve the osteogenic activity. Thus,
ZnO also enhances osteogenesis by modulation of the immune
response.®* ZnO particles have been widely explored in anticancer
applications. The large release of Zn ions causes an increase in
ROS levels that induced cancer cell death by apoptosis.®> ZnO
exhibits anti-inflammatory activity by suppressing the gene and
protein expression of pro-inflammatory cytokines such as iNOS,
COX-2, IL-1B, IL-6, and TNF-o.. These antioxidant properties make
ZnO an attractive ingredient in sunscreens and for the treatment
of acne and piles.®® These numerous properties of ZnO make it
ideal for modifying the surface of the degradable implant.

(@)

(b)

PCL/HA-ZnO10
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Cho et al. showed that a coating of ZnO on a 3D printed PCL/
HA composite enhanced the antibacterial properties of the
scaffold. In addition to its antibacterial action, the release of
ions from the ZnO coating also improved the cell attachment
and promoted mesenchymal stem cell differentiation. They
further showed that the release of ions from the coating
depends on the coating thickness on the scaffold surface,
which was deposited by magnetron sputtering. The antibacter-
ial potential increased with the increased thickness of ZnO
coating, as revealed by the plate count method along with SEM
and live-dead imaging (Fig. 2). A coating thickness of 100 nm
imparted the best combination of antibacterial and bioactive
properties to the scaffold.®” Bacterial attachment and encrustation
are the significant clinical challenges encountered after implanting
urinal stents, which cause inflammation and discomfort to the
patient. A coating of ZnO was applied on PLA films using the
doctor blade technique. ZnO-coated PLA films showed
improved antibacterial potential compared to the bare film.

PCL/HA PCL/HA-Zn0O10 PCL/HA-Zn0O100 PCL/HA-Zn0200

~ 10 pm

.
10 pum

Fig. 2 Antibacterial activity of ZnO coatings of different thicknesses on the PCL/HA 3D printed scaffold analyzed by (a) plate count method, (b) SEM and
live—dead fluorescence imaging (dead bacteria in red and live bacteria in green) [Reprinted with permission from ref. 67. Copyright 2020 MDPI].
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The coating of ZnO was fully degraded after three weeks of
incubation in artificial urine and displayed limited deposition
of encrustation on films, demonstrating the potential of such
ZnO-coated polymers for developing resorbable stents.®®

As stated above, the rapid corrosion rate of Mg limits its
clinical use to prepare implants. The surface modification with
a suitable bioactive ceramic coating is one of the promising
solutions to control the corrosion of Mg-based implants. ZnO
coating has been applied on Mg implants to improve their
corrosion resistance along with antibacterial potential.
Undoped ZnO coating was deposited on magnesium implants
by magnetron sputtering to improve their corrosion resistance
and surface hardness.®® Composite ZnO coatings on Mg alloys
such as Ag-doped ZnO,”° PLA-ZnO,”" PCL~chitosan (CS)-ZnO,”>
and polypyrrole (Ppy)-ZnO”® were reported to improve the
corrosion resistance and antibacterial potential compared to
the bare surface.
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3.2 Zirconium oxide

Zirconium oxide (zirconia) has widespread applications as
dental implants and in the coating on metallic implants to
increase their corrosion resistance. Hip implants’ and dental
implants” prepared from zirconia have shown long-term clinical
success because of their good biocompatibility, strength, and wear
resistance. Zirconia has been reported to activate the BMP4
gene.”® This gene is involved in early bone development and
induces bone growth. Furthermore, it was reported that zirconia
influences the spreading and proliferation of osteoblasts and
stem cells with improved cell division and helps in forming a
well-organized monolayer of cells. These cell-implant interactions
prevent the aseptic loosening of the implant and facilitate its
bio-integration.”” Thomas et al demonstrated that zirconia-
polydimethylsiloxane hybrid films improve the growth and
viability of osteoblasts and fibroblasts. Thus, coatings prepared
using this hybrid material enhance the bio-integration at the

1.0 —©— Control
—0—2r0,-100
Zr0,-200
—0—Zr0,-300
—¥— ZrO,-400

(b)

-1.24

E (V vs. SCE)
»
1

Fig. 3

| (Acm’)

(a) Surface morphologies of zirconia (ZrO,) with different cycles of atomic layer deposition (i.e., 100, 200, and 300) imaged by SEM, (b) potentiodynamic

polarization curves of different coated samples along with the uncoated sample [Reprinted with permission from ref. 82. Copyright 2017 Elsevier].
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tissue-implant interface.”® Seweryn et al. reported the atomic layer
deposition technique to generate uniform thickness zirconia
coating on the substrate. They showed that the coating had
biomimetic properties when tested with osteoblasts and thus
increased the osteogenic potential with enhanced bone
integration.”® Zirconia is also used as an antimicrobial agent in
biomedical applications. The following antibacterial mechanism
has been proposed in the case of zirconia. Zirconia interacts with
the thiol groups found in the respiratory enzymes in bacterial
cells. It binds to the bacterial cell membrane and disturbs the
respiratory process of bacteria.” Khanmohammadi et al
described the antimicrobial activity of zirconia against E. coli
and S. aureus. Zirconia-doped PCL/cellulose nanofibers were
prepared by electrospinning. These coated scaffolds also showed
antifungal activity when tested against Candida albicans.®® These
studies show the use of zirconia as a material to improve
osseointegration along with effective osteogenic and antibacterial
properties.

Huang et al. showed that the coating of zirconia on the AZ91
Mg alloy improved the corrosion resistance along with surface
hardness.?' Furthermore, Yang et al. showed that a zirconia coating
on the Mg-Sr alloy improved the corrosion resistance along with
enhanced attachment, proliferation, and differentiation of
osteoblasts. They used atomic layer deposition to coat the alloy
surfaces with zirconia with a different number of cycles. The
coating thickness increased with the number of cycles, which
improved the corrosion resistance, as shown in Fig. 3.%> Therefore,
zirconia coating can be used to tailor the biocompatibility and
corrosion resistance of degradable orthopedic and dental implants.

3.3 Titanium oxide

Titanium oxide is widely used in biomedical applications as an
antibacterial and anticorrosive agent. Titanium oxide exhibits
photocatalytic activity that generates electron-hole pairs on
exposure to UV light. These electron-hole pairs produce ROS
in the vicinity of the particle. ROS oxidizes bacterial intracellular
enzymes, reduces respiratory action, and subsequently causes
bacterial death.®* Improvement in the antibacterial properties of
polylactic acid/titanium oxide films after the doping of titanium
oxide nanoparticles was reported by Feng et al.®* They showed
that the composite film inhibits the growth of bacteria when
compared with the pristine film. According to Matsuno et al.,*®
PLA surface modified with titanium oxide improves the initial
attachment of fibroblasts and their subsequent proliferation.
Titanium and its alloys have been frequently used in the
orthopedic field due to their high strength and low density.
Titanium and alloys are completely inert as they spontaneously
form a layer of titanium dioxide on the surface. This oxide layer
protects the implant from body fluids and tissue corrosion.
As the oxide layer comes in contact with water, it forms Ti-OH
groups on the surface. Similar to the ZnO layer, these groups act
as nucleation sites for different calcium phosphate compounds
owing to the close match between the crystallographic planes of
the oxide and calcium phosphate.*® The similarity of calcium
phosphate with the bone mineral phase augments the integra-
tion of the implant with contacting tissue. Thus, the titanium
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oxide layer imparts anticorrosive properties and tissue bonding
ability to Mg implants, which has been leveraged in a few
studies.””®

The in vivo osseointegration potential of the polyetherether-
ketone implant coated with titanium oxide was reported by Tsou
et al.®® They showed that a titanium oxide coating prepared by
arc ion plating not only improves the compatibility when tested
with osteoblasts but also enhances the new bone formation and
tissue integration. This study demonstrates that titanium oxide
coating can be deposited on degradable polymer implants to
enhance osseointegration and antibacterial properties, although
such coatings have not been applied on degradable polymeric
implants.

3.4 Vanadium oxide

Vanadium is one of the transition metal elements. Like most of
the transition metals, vanadium also has multiple oxidation
states. Among many oxides of vanadium, vanadium pentoxide
(vanadia) nanostructures have been used in biomedical
applications as an antibacterial agent. There are two mechanisms
reported for the antibacterial properties of vanadia nano-
structures. The first mechanism was reported by Anicic et al. in
2017.°" They showed that vanadia nanostructures mimic the
myeloperoxidase-like catalytic activity of human neutrophils.
The role of this enzyme is to kill the bacteria by the transforma-
tion of hydrogen peroxide to hypochlorite. In addition to this
activity, it also promotes the growth of mammalian cells via the
insulin-mimicking effect. This bioactivity was observed at a
low concentration of vanadate ions in the system. At low
concentrations, these ions also help in tissue repair and improve
the bone formation rate in vivo. In contrast, a high concentration
of vanadate ions is toxic to human cells.”* Hence, control and
sustained release of vanadate ions are key to leverage the above
said beneficial properties. Vanadia nanowires/poly(lactic-co-
glycolic acid) composites have been shown to satisfy the above
criteria and enhance the antibacterial activity. Vanadia nanoplates
have been shown to increase the generation of ROS in bacterial
biofilms. Increased ROS production causes bacterial death.
Raman spectral mapping demonstrated the changes in biomolecular
signals from bacteria following interactions with vanadia
nanoplates.”* Menazea et al. showed that the addition of vanadia
to chitosan/polyvinyl alcohol coating enhances the antibacterial
properties of the film. The antibacterial activity of the films
increased with an increase in the doping of vanadia nanoparticles
up to a saturating amount.”® In addition to this, vanadia coating
deposited on Mg alloys was prepared by dip-coating® and micro-
arc oxidation® to improve the corrosion and wear resistance. All
these observations from several studies demonstrate the potential
of vanadia as a surface coating material for implants to improve
the corrosion resistance and antibacterial properties toward mini-
mizing implant-associated infections and facilitate healing by
controlling the release of hydrogen gas in the process of corrosion.

3.5 Copper oxide

Copper oxide nanoparticles have been successfully applied in a
wide variety of fields, including nanoelectronics, solar cells,
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and catalysis. Apart from these applications, it also possesses
remarkable antibacterial properties. The antibacterial properties
of copper oxide are attributed to the release of Cu®>" ions, which
causes severe damage to the negatively charged lipids and
proteins of the bacterial cell wall. Moreover, copper ions have
high redox properties, which generate ROS. ROS causes DNA
damage and modification of cellular components in bacterial
cells.”® According to Escobar et al, doping of copper oxide
nanoparticles into the PCL electrospun fibers resulted in
significant bactericidal action on Gram-negative bacteria compared
to Gram-positive bacteria. This difference is because Gram-negative
bacteria have thin cell walls in contrast to Gram-positive
bacteria, resulting in easier exposure to copper ions.””

Munoz et al. prepared copper oxide infused PCL nanofibers
by electrospinning. Their work reveals that the infused fibrous
mats showed an antifungal effect against various species of
candida. Furthermore, they also observed that the cell
morphology of candida was disrupted in a dose-dependent
manner on the infused mat.’® The toxicity of copper ions
released from nanoparticles on mammalian cells along with
bacterial cells was first reported by Balcucho et al®® They
prepared a composite film of PCL and copper nanoparticles by
the solution blending method. They observed that the composite
film showed minimal DNA damage and significant cell viability
of human foreskin fibroblasts while showing excellent anti-
bacterial potential against S. aureus. Badaraev et al. coated the
surface of the electrospun PLA scaffold with copper/copper
oxide by magnetron sputtering. They observed that the
coating remarkably improved the antibacterial potential of the
scaffold.'® Such a strategy of depositing copper/copper oxide
coatings on the degradable implants has significant potential for
enhancing their antibacterial properties.

Copper ions have been shown to enhance the proliferation
of endothelial cells and promote angiogenesis. Copper is
required to activate hypoxia-induced factor-1, which is the
primary transcription factor controlling the expression of
vascular endothelial growth factor (VEGF). VEGF is mainly
involved in the creation and maturation of blood vessels.'**
This potential imparts one more biochemical aspect to the
coating of copper oxide, which has been utilized in several
studies to enhance angiogenesis.'*>™%

3.6 Iron oxide

Like most transition metal oxides, iron oxide also shows anti-
bacterial potential. Various studies have reported this activity of
iron oxide against Gram-positive and Gram-negative bacterial
strains. The ions released from the nanoparticles attracted
negatively charged bacterial cells and attached to the cell
membrane or penetrated inside the bacterial cells. The primary
mechanism was the production of ROS due to these ions, which
disrupt the bacterial cell wall and induce DNA damage.'*®"1°¢
Several strategies have been reported on the use of iron oxide to
prepare coatings on polymer surfaces to improve their anti-
bacterial activity."%%'"°

Apart from their antimicrobial activity, superparamagnetic
iron oxide particles generate heat after applying an alternating
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magnetic field. Initially, this property was investigated for
treating cancerous tumors, but such magnetic hyperthermia
is being explored for treating implant-associated infections in
more recent times. Rovers et al.''! developed a system of iron
oxide particles and thermoresponsive polymer poly(butyl
methacrylate-stat-methyl methacrylate) for the delivery of anti-
bacterial drugs based on magnetic hypothermia induced by the
iron oxide particles. On the application of a magnetic field to
the system, the heat generated causes an increase in the
temperature of the thermoresponsive polymer to its glass
transition temperature. This heating causes the release of the
drug-loaded in thermoresponsive polymers due to the
increased diffusion rate near T,. They observed that the drug
release increased up to 5-fold after the application of the
magnetic field, and the release is dependent upon the iron
oxide content. A similar strategy can be implemented for the
smart release of antibiotics using biodegradable and thermo-
responsive polymers such as poly(lactide-co-trimethylene
carbonate) to tackle implant-based bacterial infections.
Numerous studies have reported using iron oxide particle’s
magnetic hypothermia to eradicate bacterial infection.''>''?
These various properties of iron oxide can be utilized to develop
drug/biomolecule eluting coatings on degradable implant
surfaces to enhance the bioactivity of the materials.

3.7 Cerium oxide

Cerium is a rare earth metal placed second in the lanthanide
series of the periodic table. Most of the rare earth metals exist
in their trivalent state. However, cerium occurs in both trivalent
(+3) as well as tetravalent (+4) states.’*''® Consequently,
cerium oxide (ceria) has the unique ability to switch between
the two oxidation states (Ce,O; and CeO,). During oxygen
exchange, loss of lattice oxygen atoms in the cubic fluorite
lattice causes the generation of oxygen vacancies in ceria. This
vacancy can be filled by atomic oxygen, which generates a new
vacancy, causing lattice oxygen mobility and rapid refilling of
the surface oxygen vacancy sites."'® Ceria is widely used in
various applications, such as catalytic converters, solid oxide
fuel cells,""” electronics, and electrochemistry."*®

In recent years, ceria has been attracting considerable
attention in biomedical applications due to its redox properties.
Ceria mimics superoxide dismutase (SOD) and catalase (CAT)
enzymes, which act as cellular antioxidants. Korsvik et al.
demonstrated that the oxygen vacancy created on the surface
is mainly responsible for the SOD-mimicking activity of ceria.'*
Ceria is used as an antibacterial agent in various cases. Faris
et al. described the antimicrobial activity of ceria nanoparticles
against both Gram-positive and Gram-negative bacteria. The
interchange of the oxidation state disrupts the bacterial cell
membrane and results in bacterial death.'** Antifungal activity
of ceria has also been observed."" Several studies described the
ability of ceria nanoparticles to induce angiogenesis, which
makes it an attractive candidate for a bioactive implant. Das
et al. described that ceria nanoparticles induce angiogenesis in
human umbilical vein endothelial cells (HUVECS) by regulating
intracellular oxygen.'** Corroborating the angiogenic activity of
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these particles, Augustine et al. showed that infusion of nano-
ceria in electrospun PCL nanofibers promoted angiogenesis
compared to the neat fibers.'**

The ceria-loaded gelatin-alginate nanocomposite was developed
by a freeze-dried method having an interconnected porous
morphology. The addition of ceria to the composite helped in the
reduction of ROS and promoted bone formation. Apart from
biological cues, the addition of ceria enhances the composite’s
mechanical, swelling, and degradation properties.”** Our group
also demonstrated the development of ceria particle coated PCL-
gelatin electrospun nanofibrous mats. Depletion of ROS is reported
to be in relation to the suppression of hypotrophy in cardiac tissue.
The H,0, stress-induced oxidative stress level showed a remarkable
reduction in cardiomyocytes cultured on decorated scaffolds.
Thus it showed that coating ceria particles imparts antioxidant
and anti-hypertrophic properties to the cardiac patch.'* The
deposition of ceria conversion coatings on Mg alloys with different
additives and pre-treatments has been reported in numerous
studies to improve the corrosion resistance.'**'*” The ceria-
coated titanium substrate fabricated by spin coating showed
improved antibacterial and anti-inflammatory potential.'*® A
similar strategy can be applied to degradable implants to impart
various properties, but such studies are not reported.

3.8 Europium hydroxide/oxide

Europium is also one of the rare earth metals and is the most
reactive lanthanide series element. Europium hydroxide/oxide
ceramic materials have been studied in the last decade as
pro-angiogenic materials in biomedical applications such as
tissue engineering, wound healing, and treating ischemic
conditions.’*”"*® Europium hydroxide nanorods cause an
increase in the production of H,0O, ROS. This surge of ROS
activates the enzyme called nitric oxide synthase 3, which
induces the secretion of nitric oxide in the system. These
molecular events stimulate new capillaries to sprout from the
existing blood vessel in a process called angiogenesis."*" Patra
et al. were the first to report the biological effects of europium
hydroxide nanorods on the HUVECs. They showed that these
ceramic nanorods promote the proliferation of HUVECs and
vascular sprouting in chick embryo chorioallantoic membrane
(CAM) assay, which are functional evidence of their angiogenic
activity."*> These observations laid the foundation for several
subsequent investigations on the pro-angiogenic activity of this
material for various biomedical applications. Infusion of euro-
pium hydroxide nanorods in PCL nanofibrous mats augmented
angiogenesis in vitro and in vivo. HUVECs seeded on the
composite fibers showed better proliferation in comparison
to neat fibers. Western blot analysis revealed increased
expression of angiogenic markers in cells cultured on the
nanorod-loaded electrospun mats.”*® Angiogenesis and
vascularization are essential phenomena in the process of
wound healing and skin regeneration. Luo et al. showed the
benefit of doping europium oxide nanorods in hydrogels for
wound healing and skin tissue regeneration by aiding angio-
genesis and suppressing inflammation at the wounded site."*°
Furthermore, europium-doped bioglass also showed the ability
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129 These several

to stimulate osteogenesis in vitro and in vivo.
studies exhibit the potential of europium oxide/hydroxide
ceramic materials as coating materials for polymeric or metallic
implants. However, studies on their use as surface coatings on

degradable materials have not been reported.

3.9 Bioactive glass

Specific chemical compositions of silica-based glass-ceramics
containing Ca and phosphate ions are known for their unique
binding ability to living tissues, thereby forming a strong
tissue-biomaterial interface. This class of ceramics is known
as bioactive glass. The first bioactive glass was reported way
back in 1969, which is a quaternary system of SiO,-Na,O0-CaO-
P,05 and is known as 4585 Bioglass™.'** Subsequently, several
phosphate-, silicate-, and borate-based bioactive glass systems
have been explored for biomedical applications.'® Bioactive
glasses develop a strong bonding with hard tissues such as
bone and dental tissues and also with several soft tissues.*
After forming a stable interface, a bioactive glass elicits a variety
of biological responses, including new tissue formation,
angiogenesis,'®* bactericidal action,"*®'*” etc. The above said
properties are associated with the time-dependent dynamic
modification of the surface after implantation in a series of
reactions. The bioactive glass has a natural tendency for
biodegradation and releases various ions into its vicinity, which
primarily depends upon the glass composition and the local
pH. When the bioactive glass surface comes into contact with
body fluid, it forms a network with Si in the glass. This network
further draws the movement of Ca, and phosphate ions from
the core to the Si reach layer at the surface, causing the
formation of a biologically active carbonate-HA layer, which
provides a bonding interface with tissue.'*®

The dissolution products of the bioactive glass, such as Ca
and silicate ions, help the cells to form new tissue. The ions
released from doped bioactive glass elicit additional biological
responses. For example, Sr** stimulates bone growth,"**'*® and
Cu”" helps in angiogenesis,'®® whereas the release of Ag"
enhances the antibacterial potential™®®'*' of doped glass.
These attributes of bioactive glass make it a suitable material
for coating implants. The coating of glass on metallic implants
imparts bioactivity, augments bio-integration, and enhances
corrosion resistance. The coating of bioactive glass on the
metallic implant surface has been described in numerous
review papers. For example, Yadav et al. highlighted the coating
of bioactive glass on Mg and its alloys to improve their corrosion
resistance. They also summarized the effect of interfacial aspects
such as the composition of bioactive glass, coating thickness,
adhesive strength, and wettability on corrosion of Mg and its

2 Sergi et al. reviewed the different methods of coating
135

alloys.
bioactive glass on metallic implants.

On polymeric implants, bioactive glass coating provides
mechanical reinforcement and tunable degradation of the
polymeric substrate in addition to improved biocompatibility
and bioactivity. Roether et al. reported bioactive glass coating
on microporous PLA foam for tissue engineering applications.
They utilized the slurry dipping method to get a uniform
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coating on the porous polymer scaffold. The in vitro biominer-
alization study in simulated body fluid (SBF) generated an HA
layer on the surface. They further showed that the thickness of
the HA layer increased with the time of incubation in SBF.'*?
Zhu et al. developed a mesoporous bioactive glass coating on
the microporous PLA scaffold for the sustained release of an
antimicrobial drug. They showed that mesoporous bioactive
glass coating resulted in sustained release of an antimicrobial
drug loaded in the coating to eradicate the bacterial infection,
apart from improved bioactivity due to the development of the
HA layer."**

Bioactive coatings were initially employed primarily for hard
tissue engineering, but such coatings have been increasingly
explored for soft tissue engineering over the last decade.
Blaker et al. developed Ag-doped degradable polymer sutures
using the dip-coating process. Their study revealed that the
coated suture showed improved in vitro bioactivity and anti-
bacterial potential compared to uncoated sutures."*' Zn-doped
bioactive glass coating on sutures for antibacterial application
is also reported in the literature.®” Thus, all these studies
reveal that the bioactive glass coating provides a combination
of enhanced biological and mechanical properties with tunable
degradation to degradable polymeric implants.

3.10 Calcium phosphate-based ceramics

The family of calcium phosphate (CaP)-based ceramics are the
most common bioceramics used in biomedical applications.
HA is the most stable of CaP compounds at physiological pH,
because of which HA is the most exploited CaP phase among
them. Other CaP-based compounds that have shown promise in
biomedical applications include tricalcium phosphate (TCP),'*®
dicalcium phosphate dihydrate (DCPD),'*® amorphous calcium
phosphate,"*” and octacalcium phosphate."*” HA is the bioceramic
of choice due to its similarity to the mineral phase of natural bone.
HA has been shown to form a chemical bond with the bone and
establish a robust interface between the implant and tissue, thereby
providing early fixation to fasten implants with the surrounding
tissue. Apart from this, fluoridated HA evokes antibacterial
potential against several bacterial strains."*® In addition to fluorine,
the incorporation of Ag**'** and Zn'*'** into HA also imparts
antibacterial potential. A porous HA layer can also act as a reservoir
for antibacterial drugs and biomolecules, ensuring the sustained
release of the stored molecules."**"** The doping of copper in HA is
known to enhance angiogenesis.'®>'** Implants made out of CaP
alone tend to be brittle, limiting their use in many applications.
Consequently, HA emerged as an attractive coating material for
biomedical implants.

The dissolution rate is important as it determines the
release of Ca and phosphate ions from the CaP layer, which
modulates the cellular response. For a slow degrading CaP
layer, the surface topography drives the cell behavior, whereas
the release of ions plays a more dominant role in fast degrading
ceramic coatings. As HA has a much slower dissolution rate at
physiological pH compared to [B-TCP, biphasic calcium
phosphate, a mixture of HA and B-TCP, is used to tailor the
degradation rate. It has been shown that increasing the
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concentration of B-TCP in the mixture improved the
differentiation of stem cells by upregulating osteogenic genes.
This effect is associated with the increased release of the ions
from the B-TCP component.'*>*3°

HA coating on Mg implants can change the surface mor-
phology and enhance corrosion resistance along with improved
osseointegration. The use of CaP-based coating on Mg implants
has been comprehensively reviewed in various articles.'”®**®
Although HA is a promising material for coating implants, it
suffers from some limitations, such as poor adhesion strength
to the substrate and insufficient chemical stability, which
might compromise the implant’s long-term benefit. The shot
peening with ceramic balls followed by electrodeposition of
DCPD coating on magnesium AZ31 alloys was shown to
improve the adhesion strength of the coating along with
improved corrosion resistance."* Shi et al. prepared a composite
coating of the oxide layer by micro-arc oxidation followed by the
DCPD layer through electrodeposition on a magnesium AZ80
alloy substrate. They showed that the composite coating
imparted excellent corrosion resistance along with enhanced
deposition of appetite.'*® Like bioactive glass coatings, CaP
coatings improve the bioactivity along with mechanical stability
and degradation of polymeric substrates. The CaP-based coating
has been applied on several types of polymeric scaffolds, such as
porous scaffolds prepared by porogen leaching,'®*'®" electro-
spun nanofibrous mats,'*>'®* and 3D printed scaffolds.'®*'®
Treatment of a porous composite PLA/HA scaffold with air
plasma improved the nucleation of apatite when the scaffolds
were incubated in SBF. Rapid healing and faster integration with
bone were observed for plasma-treated composite scaffolds
in vivo than pure PLA scaffolds."®" Guo et al fabricated porous
PLA scaffolds maintaining the HA layer on the pore wall using
ice-HA hybrid particles as porogens. They showed that the
method could be tailored to control the pore size and deposit
uniformly thick HA on pore walls."®

Different surface treatments were incorporated to reduce the
time duration of the biomineralization process in SBF and
deposit an apatite layer. These treatments include silicate,"®®
ammonia alkali,"®” and grafting of citric acid-polyethylene
imine.'®® For example, our group reported that the surface
treatment with citric acid-polyethylene imine reduced the time
required to form the apatite layer to 7 days from 21 to 28 days
required in traditional techniques. Citric acid helps to increase
the precipitation of Ca and phosphate ions when incubated in
SBF.**® Poh et al. developed CaP-coated and two different
bioactive glass-doped 3D printed PCL scaffolds. Their study
revealed that the coating and incorporation of both the
ceramics showed improved osteogenic potential in vitro. They
implanted neat PCL scaffolds and sheep bone marrow stromal
cell-seeded PCL scaffolds in Rowett Nude rats subcutaneously.
The study revealed that under all the conditions, combinations
of the fibrous connective tissue and adipose tissue formed
inside the pores of the scaffold, confirming tissue infiltration
in the scaffold. In spite of that, mature bone was not observed
in vivo in any group (Fig. 4)."% Plasma spraying of HA particles
on the carbon fiber/polyamide implant increased the osteogenic
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Fig. 4 Hematoxylin and eosin-stained images of CaP coated 3D printed PCL and two different bioactive glass-incorporated 3D printed PCL scaffolds
implanted with and without cell seeding after 8 and 16 weeks of implantation. [Reprinted with permission from ref. 169. Copyright 2016 Elsevier].

potential of the substrate."”® A similar kind of coating method

can be used for degradable polymer implants for orthopedic
applications.

3.11 Carbide and nitride-based ceramics

Carbides and nitrides are a major class of ceramics popularly
used as coatings on biomedical implants after oxides. Generally,
nitrides and carbides are extremely hard ceramic materials with
very high moduli. These ceramics are difficult to fabricate into
different implant shapes. Hence coatings of nitrides and
carbides are used on biomedical implants to improve the surface
properties of substrates. Coatings of carbides and nitrides are
primarily applied on metallic implants. Among the carbides,
titanium carbide and silicon carbide are the most widely
reported in the scientific literature. Titanium carbide is known
to have superior adhesion to different metallic substrates,"”*
good wear resistance under dry and wet conditions,'”*> good
corrosion resistance,'”® and improved biocompatibility that
mediates bio-integration when applied as a coating on a metallic
substrate. The oxide layer formed on metallic implants such
as titanium is brittle in nature and can fracture easily.
Consequently, the underlying titanium surface can be exposed
to severe corrosion in the biological environment that releases
titanium particle ions inducing toxicity to adjacent tissues,
resulting in inflaimmation and implant failure. Application of

7830 | Mater. Adv., 2021, 2, 7820-7841

titanium carbide on the implant surface overcomes this problem by
increasing the corrosion and wear resistance while maintaining
biocompatibility.'”* Brama et al. developed a titanium carbide
coating on titanium by pulsed laser deposition. They showed that
the coating improved the corrosion resistance along with enhanced
growth, attachment, and osteogenic differentiation of osteoblasts
in vitro. In vivo experiments in rabbit and sheep models demon-
strated significant bone formation on titanium carbide-coated
samples compared to neat titanium samples.'”® Pushpanathan
et al. showed that electrodeposited titanium carbide on the AZ8A
Mg alloy demonstrated improved corrosion and wear potential."”

Silicon carbide has also been used to coat metallic implants
to improve their corrosion resistance under biological conditions.
Silicon carbide has been known for its high strength, resistance to
the corrosive biological environment, and ease of deposition.'”®
Li et al showed that silicon carbide-coated WE43 Mg alloys
demonstrated anti-thrombogenic potential and improved hemo-
compatibility along with better corrosion resistance; thus, it can
be used to coat coronary stents."””

Nitride-based ceramics are also used to coat metallic
implants, given their corrosion and wear resistance, which
augment their long-term success in vivo. Titanium nitride
has been widely used to coat Mg implants."”® 8 Moreover,
titanium nitride coating also improves the biocompatibility of
implants in a manner similar to that of carbides. Annunziata
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et al. showed that coating of titanium nitride supported the
attachment and growth of mesenchymal stem cells, whereas
decreased bacterial attachment and growth were observed.'®!
The application of titanium nitride for coating medical
implants has been summarized in other review articles.'*'83

3.12 Miscellaneous ceramics

Some of the bioceramics have received significant attention
and were used as coatings on various biomaterials, including
degradable biomaterials, as described above. However, several
other ceramic coatings have also been attempted, although they
have received less attention. Moreover, these coatings have
been attempted on non-degradable substrates, although they
can also be tried for degradable biomaterials. This section
briefly compiles the work done on these less explored ceramic
coatings.

Strontium is present in a minimal amount in human bones.
Strontium ions have a charge to size ratio that is similar to that
of and can thus replace Ca>" ions in various molecular events of
osteogenesis. Strontium in a low concentration promotes the
activity of osteoblasts and stimulates new bone formation.'®*
At the same time, it suppresses the differentiation of osteoclasts
and reduces bone resorption."®> Based on these properties,
strontium-containing ceramics have been used as a coating
material for biomedical implants. Strontium-containing
bioactive glass coatings,'®® strontium oxide doped titanium
oxide coatings,"®” and strontium carbonate incorporated PCL
electrospun fibers'®® release strontium ions, thereby enhancing
the osteogenic activity of the implants. Our group has developed
strontium-eluting PCL nanofibrous mats by doping strontium
carbonate into nanofibers. They demonstrated that doping
improves the proliferation of mesenchymal stem cells in
addition to enhanced osteogenic activity."*

Niobium pentoxide coating has been reported to facilitate
the growth of the apatite layer when incubated in a concen-
trated solution of Ca and phosphate ions. Nanostructured
niobium pentoxide coating on the Mg substrate prepared by
the sol-gel method improved attachment, growth, and differ-
entiation of osteoblasts.'”® Improvement in the differentiation
of mesenchymal stem cells was observed in the case of niobium
oxide-doped glass-ceramics.”” In another study, niobium
pentoxide-coated titanium implants exhibited improved bioactivity
and corrosion resistance compared to uncoated ones.'”

The antibacterial mechanism of magnesium oxide nano-
particles is unclear, but many researchers correlate it with ROS
production, which alters the cellular components of bacteria
resulting in cell death.'®* Hickey et al. developed a magnesium
oxide coating on PLA using electrophoretic deposition.
Magnesium oxide coating showed improved antibacterial
potential against both Gram-positive and Gram-negative
bacteria. The coating also exhibited improved osteoblast attachment
by activating integrins through the release of magnesium ions
and increased hydrophilicity after coating. They also showed
that the fast degrading characteristics of magnesium nano-
particles could be used to tailor the mechanical properties of an
implant over time."**
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3.13 Doped ceramics

The application of a single-component ceramic coating may not
be sufficient to meet different clinical needs, such as improving
osseointegration, inhibiting bacterial infection, enhancing
corrosion-wear resistance, and promoting angiogenesis. To
address this wide variety of requirements, doping different
elements in the ceramic coating offers a promising strategy.
As mentioned above, it is a general practice to incorporate
different elements into bioactive glass and CaP coatings to
elicit additional biological responses.'®® Similarly, several
studies have reported the use of doped ceramic coatings on
medical implants.

As discussed above, the release of Zn ions from ZnO particles
ruptures bacterial membranes and induces leakage of intra-
cellular components. Strontium has been known to promote
bone formation, as discussed above. Deposition of a titanium
oxide layer doped with Zn and strontium on the titanium surface
by micro-arc oxidation was reported by Zhao et al. The study
revealed that incorporating elements improved the antibacterial
performance and osseointegration of the implant.’®® Copper-
doped titanium oxide coating demonstrated improved anti-
bacterial, angiogenic, and osteogenic abilities compared to pure
titanjum oxide coating."®” Manganese dioxides exhibit antioxidant
catalase mimicking activity, which is attributed to the presence
of oxygen vacancies on the surface. Similar to cerium oxide,
manganese oxide suppresses oxidative stress by controlling the
ROS content. The doping of Zn into manganese dioxide helped in
generating more oxygen vacancies with increased structural
instability, inhibiting the manganese dioxide crystal growth and
reducing its layer thickness. Consequently, the doped manganese
oxide-coated titanium implant showed enhanced antioxidant
catalase-like activity compared to undoped coating. The doped
coating also demonstrated improved attachment, proliferation,
and differentiation of osteoblasts due to increased hydrophilicity
and release of Mn and Zn ions from the coating.'*®

Xu et al. developed a HA coating on the Mg AZ60 alloy by a
chemical conversion method, imparting enhanced bioactivity and
bio-integration. But owing to the porous nature of the HA coating,
it cannot improve the corrosion resistance. This challenge
was resolved by depositing another coating of copper oxide-
doped titanium oxide with improved corrosion resistance. The
layered coating showed good biocompatibility in addition to
enhanced antibacterial activity.'>® Thus, doped ceramic coatings
impart better biological properties in comparison to undoped
coating.

4. Coating strategies

Coating strategies play a pivotal role in maximizing the benefits
of an implant by improving the physical performance and
biocompatibility of the biomaterial. Several popular strategies
of applying coating materials on biomedical implants have been
reported in the literature, including dip-coating, electrophoretic
deposition, plasma electrolyte oxidation/micro-arc oxidation,
hydrothermal synthesis, plasma spraying, and magnetron
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sputtering, as depicted in Fig. 5. Some of the popular techniques
are briefly summarized here.

4.1 Dip coating

Dip coating is a conventional chemical process to apply a
coating on a biomedical implant. In this process, implants
are dipped in a suspension of colloidal particles for an
appropriate period of time. A wide range of ceramic coatings
has been applied on implant surfaces with porous structures
using this technique. Porous coatings provide an increased

View Article Online

Review

surface area for interaction with body fluids and to interact
with the surrounding tissue. The process is technically
simple and cost-effective in comparison to other coating
techniques.>® CaP coatings are prepared by dip-coating using
the two-layer method. The implant is first incubated in a
solution of Ca ions, such as CaCl, or CaNO;4H,0, and
subsequently dipped in a solution of phosphate ions, such as
(NH4),HPO, or K,HPO,-3H,0. Sometimes several dipping
cycles are performed to achieve the desired thickness of the
coating.””' Besides CaP coating, this technique can also be
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Fig. 5 Schematic summarizing the coating strategies utilized for preparing bioactive ceramic coatings on the surface of degradable implants.
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used to deposit titanium oxide, zirconia, and ZnO on Mg
implants.?°>2%

4.2 Electrophoretic deposition

Electrophoretic deposition of coatings is based on the principle
of electrophoresis. In electrophoresis, charged particles
suspended in the solution migrate towards counter-charged
electrodes under the influence of an electric field. The migrating
particles accumulate at the oppositely charged electrode surface
generating a uniform coating on the substrate. The solvent used
in the process should have a suitable dielectric constant. The
size of particles should be appropriate to remain stable in the
colloidal state in the solvent. Hence, viscosity, conductivity, and
zeta potential affect the thickness of the deposited film.>**
Electrophoretic deposition is a simple, cheap, and rapid process
that can deposit coatings on different substrates, even on
complex shapes other than flat surfaces. Codeposition of
different ceramic particles such as bioactive glass-HA,>*®
chitosan/alginate HA,2°®?°” and ZnO-HA?*® has also been
achieved using this method. The coating of homogenous ZnO-
HA on a silicone substrate was done by using the electrophoretic
deposition method for improving the antibacterial activity.
The silicone substrate was pretreated with oxygen plasma, and
a thin titanium layer was deposited by DC sputtering. This thin
titanium film-covered silicone was used as a substrate electrode
in the deposition process.>”® Many studies have reported
the deposition of HA on Mg alloys using the electrophoretic
deposition technique.***>"

4.3 Radiofrequency magnetron sputtering

Radiofrequency magnetron sputtering is a low-pressure
technique used to deposit controlled and uniformly thick coatings
on biomedical implants. In this method, the desired coating
material prepared in the form of a target, is bombarded by reactive
ions from gaseous plasma generating free atoms. Liberated atoms
then travel through the vacuum and deposit on the substrate to
form a uniform coating. The thickness, structure, and deposition
rate of the coating depend upon deposition pressure and reactive
gas flow rate along with the duration of the process.*'> Cho et al.
fabricated a PCL/HA 3D printed scaffold with ZnO coating by this
method. They demonstrated that the deposited coating was
uniform, and the thickness could be controlled by changing the
duration of sputtering.®” Al-doped ZnO coating was fabricated on
PLA films by magnetron sputtering. ZnO/Al,O; was used as a target
to produce nanostructured coatings by varying the sputtering
power.?!?

4.4 Plasma spraying

Plasma spraying is the most commonly used thermal spraying
method to create a coating on an implant surface. In this
technique, an electric arc of high temperature and pressure is
used to create a plasma jet. Fine particles of coating material
are then injected into the jet to form molten particles.
These molten particles are further deposited onto the substrate
in the form of flattened drops to yield a coating on the implant.
The plasma spray process has a high deposition rate, and the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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thickness, morphology, and structure of the coating can be
tailored by modifying the deposition parameters.>'* The
plasma spray strategy has been used for coating metallic and
polymeric implants. HA powder was plasma sprayed on a
polyamide-carbon fiber surface using a plasma gun and argon
gas. The coating was highly crystalline with good mechanical
adhesion to the composite substrate."”®

4.5 Plasma electrolytic oxidation

This method has been commonly used to deposit bioactive
ceramic coatings on Mg and its alloys. It is also known as the
micro-arc oxidation process. This process is carried out in an
electrolytic bath, and Mg acts as the working electrode. This
process is similar to anodization, but it uses a higher potential
to generate plasma/micro-arc. The resulting micro-arc/plasma
helps in developing a thick deposit layer. The coating formed by
this method has a high bonding strength with the substrate,
and the thick hard coating can impart hardness, corrosion, and
wear resistance. The composition of the electrolytic bath,
substrate composition, and process parameters affect the coating
performance.*"® Zirconia,*'® titanium oxide,** and CaP*'” based
coatings are primarily deposited on Mg and its alloys using this
technique.

4.6 Conversion coating

Conversion coating is a process of in situ formation of coating
through chemical reactions between a substrate and a reaction
additive. The nature of coating mainly depends upon the
pre-treatment of the substrate and the type of treatment
additive used. This process is very widely used for Mg and its
alloys owing to their high reactivity.”'® Magnesium fluoride and
magnesium hydroxide-based conversion coatings are the most
popular among all such coatings to improve the corrosion
resistance of the substrate. The fluoride coating can stimulate
osteoblast proliferation and increase mineral deposition.*"®
Cerium oxide'>®'®” and phosphate®*®?*! based conversion
coatings on Mg implants have also been reported in the
literature.

Except for the strategies mentioned above, there are other
methods to deposit a bioactive ceramic coating on the implant
surface. However, the single coating technique does not offer
the desired outcome. Hence, two or more deposition strategies
are being used in more recent times, mainly for Mg and its
alloys.

5. Mechanical surface treatments

Mechanical surface treatments have been applied successfully
to significantly improve the biomechanical performance and
cellular response of several conventional metallic biomaterials,
including stainless steels®*” and titanium alloys.>***** Severe
plastic deformation is often found to induce nanocrystallization at
the surface.?*” In this section, we describe the recent advancements
in applying surface mechanical treatment strategies, which
have been deployed for degradable Mg-based biomaterials.
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These treatments provide benefits like corrosion resistance,
tunable degradation, wear resistance, fatigue performance,
surface hardness, and strength. Some of the extensively
used surface mechanical treatment strategies and their
effect on degradable implant properties are briefly summarized
here. Fig. 6 compiles some of these strategies, such as shot
peening, laser shock peening, ball burnishing, and sand
blasting.

Shot peening (SP) is a cold surface work hardening process
that introduces near-surface compressive residual stress into
the material to prevent fatigue crack initiation and growth. For
instance, Liu et al.,*® Wagner et al.,**® and Fouad et al.>*” have
applied SP on Mg-based alloys, e.g., Mg-10Gd-3Y, AZ31 and
AZ80, and ZK60 alloys, and reported that the surface modifications
with SP generated effective compressive stresses which shifted
the fatigue crack nucleation site from the surface to subsurface
regions, thus improving the overall fatigue strength and
corrosion resistance. Mhaede et al."* applied SP with ceramic
shots (2850, ¢J 850 pm) on the AZ31 magnesium alloy followed
by the electrodeposition of a calcium phosphate coating, e.g.,
DCPD. The SP + DCPD coated sample enabled better coating
adhesion and exhibited a higher corrosion resistance as
compared to the ground + DCPD coated sample. This clearly
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indicates the impact of SP in combination with the coating in
controlling the corrosion resistance of Mg-based alloys.

Ball burnishing as a controlled process is shown to increase
the corrosion resistance and mechanical surface integrity of
Mg-based alloys.**?*® Salahshoor and Guo®’**° studied the
process mechanics of ball burnishing and low plasticity burnishing
and investigated the effect of different process parameters on
improving the corrosion resistance and the mechanical surface
integrity of Mg-Ca alloys. Unlike low plasticity burnishing,
severe plasticity burnishing integrated with cryogenic cooling
has been employed to enhance the corrosion resistance of
Mg-Al-Zn alloys,*° and the results were compared with the
performance from the traditional grinding process. Cryogenic
burnishing produced a fine-grained microstructure at a
relatively larger depth, inducing severe compressive stress as
well as generating a fine surface finish. Hydrogen evolution
tests in NaCl solutions suggested that cryogenic burnishing
reduced the corrosion rate by almost 50% as compared to
the ground-only sample. Recently, Uddin et al.>*' reported a
synergistic approach combining burnishing and HA coating on
AZ31B alloys, demonstrating that burnishing increased the
surface activation energy enabling the growth of HA coating,
and as a result, the corrosion resistance of the burnished + HA
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Fig. 6 Schematic summarizing the various surface mechanical treatments deployed to modify the surface of degradable implants.
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sample increased significantly without showing any negative
response to immune cells as presented in Fig. 7.

Sealy et al.”** used the laser shock peening (LSP) method to
impart compressive residual stress to the Mg-Ca alloy and
found that high compressive residual stress has great potential
to slow down the corrosion rates. Zhang et al.>® applied LSP on
AZ31B Mg alloys and demonstrated that LSP not only improves
the hardness, strength, wear, and fatigue performance but also
significantly increases the corrosion resistance by releasing
less amount of Mg ions and H, gas as by-products. Recently,
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Liu et al®*® showed that LSP pre-treated AZ31B Mg alloys
enabled more formation and adhesion of phosphate
conversion coating, which eventually increased the corrosion
resistance of the alloy. Similar results were reported for ZK60
Mg alloys with a 50% increase in corrosion resistance when
modified by LSP compared to the untreated sample.”**

Von der Hoh et al.>** employed turning, cylinder threading,
and sandblasting on Mg-0.8Ca alloy implants and investigated
their effect on the in vivo degradation behavior of the alloy for a
3-6 month period. It was shown that turned and threaded ones
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(a) Immune cell response to various conditions such as untreated, burnished, and electrodeposited HA on the untreated and burnished surface

and (b) potentiodynamic polarization curves of different samples [Reprinted with permission from ref. 231. Copyright 2021 Elsevier].
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have higher corrosion resistance than the sanded sample.
In addition, after 3 months, the turned implants showed the
best bone-implant integration as compared to sandblasted and
thread surfaces. Using turning, Denkena and Lucas**®
attempted to control the degradation rate of Mg-3.0Ca alloys
via modifying the surface integrity, including surface
roughness and residual stress. It was reported that higher
cutting forces due to a low cutting speed induced higher and
deeper compressive stress and hence decreased the corrosion
rate, while a fine surface finish under the same conditions was
observed to have a negligible impact.

6. Conclusion and future directions

The surface of a biomaterial plays a crucial role in determining
the performance of the medical device as several physical and
chemical events are associated with the surface. The surface
characteristics drive the biological response to the biomaterial.
Modifying the surface of the biomaterial with a bioactive
coating, mechanical treatment, or even their combination can
have profound effects on the success of the implant as they
provide enhanced biocompatibility in vivo along with other
biomechanical and electrochemical benefits. The bioactive
ceramic-coated degradable implant gives synergistic properties
of both the coating and implants. Some bioactive ceramics
such as bioactive glass, titanium oxide, and calcium phosphate-
based ceramics are well studied, and their application as a
coating for implants is now well established in the scientific
literature. However, even as some other ceramics have the
ability to impart specific responses to implants, their utility
has not yet been extensively analyzed. At the same time, surface
mechanical treatment is a promising method to improve the
bio-corrosion potential along with enhanced fatigue resistance
and ultimate tensile strength without compromising biocom-
patibility. A few studies have successfully combined mechanical
treatments with bioactive ceramic coating to demonstrate the
synergistic effects. In this review, we compiled and critically
described several bioactive ceramics that have been applied as
coatings to modulate the performance of implants focusing on
resorbable biomaterials. Some of the common deposition
methodologies used to coat implant surfaces were also
described. Furthermore, several surface mechanical processes
used for Mg-based degradable alloys and their effects on the
alloy properties were discussed in this review.

Most of the bioactive coatings and surface mechanical
treatments are reported for modification of non-degradable
biomaterials. It is well known that degradable implants offer
several benefits over conventional non-degradable devices, and
thus, studies on surface modifications of degradable implants
are essential and need more attention in the future. Another
challenge in this field is the need for developing coating
methods for uniformly coating porous foams or 3D printed
scaffolds. Several of the widely employed coating strategies that
are optimal for flat substrates are not suitable for porous
implants. Similarly, the main limitation of mechanical surface
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treatments is that it is often difficult to modify the implant
components with complex geometric shapes. Also, excessive
cold working via these processes may damage the surface
texture and geometric and dimensional accuracy, resulting in
a detrimental effect on surface integrity. Design of appropriate
process parameters in relation to the type of degradable
materials being treated is crucial to achieve the desired
performance in terms of degradation and mechanical integrity.

The kinetics and rate of degradation of the biomaterial can
change after the application of a bioactive ceramic coating.
It primarily depends on the nature, uniformity, and thickness
of the coating material and the size, shape, and implantation
site. A mismatch between the degradation rate of the implant
and rate of tissue regeneration can cause implant failure. Thus,
there is a need to develop predictive mathematical models and
tools to characterize the degradation for minimizing failures.
In addition to the degradation rate, strategies to enhance the
adhesion between the coating and the substrates also need to
be addressed. Thus, the rapidly growing field of biodegradable
implants can benefit immensely from the modification of the
surface of degradable implants by the application of bioactive
coatings or mechanical treatments, but the clinical success of
such surface-modified implants will need sustained efforts to
resolve several challenges in this field.
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