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Abstract

Carbon-based materials have emerged as an excellent class of biomedical materials due to their exceptional mechanical
properties, lower surface friction, and resistance to wear, tear, and corrosion. Experimental studies have shown the promis-
ing results of carbon-based coatings in the field of biomedical implants. The reasons for their successful applications are
their ability to suppress thrombo-inflammatory reactions which are evoked as an immune response due to foreign body
object implantation. Different types of carbon coatings such as diamond-like carbon, pyrolytic carbon, silicon carbide, and
graphene have been extensively studied and utilized in various fields of life including the biomedical industry. Their atomic
arrangement and structural properties give rise to unique features which make them suitable for multiple applications. Due
to the specificity and hardness of carbon-based precursors, only a specific type of coating technique may be utilized for nano-
structure development and fabrication. In this paper, different coating techniques are discussed which were selected based on
the substrate material, the type of implant, and the thickness of coating layer. Chemical vapor deposition-based techniques,
thermal spray coating, pulsed laser deposition, and biomimetic coatings are some of the most common techniques that are
used in the field of biomaterials to deposit a coating layer on the implant. Literature gathered in this review has significance
in the field of biomedical implant industry to reduce its failure rate by making surfaces inert, decreasing corrosion related
issues and enhancing biocompatibility.
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1 Introduction fatalities which have helped the medical device industry to

become a fundamental part of healthcare systems. Accord-

Medical devices have become one of the rapidly growing
industries globally due to the ever-increasing rate of acci-
dental injuries, vehicle crashes, diseases, and many other
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ing to WHO, there are more than 2 million different types
of medical devices being used throughout the world includ-
ing apparatus, machines, implants, software, and materials.
Implantable medical device is a major category of medical
devices majorly comprising cardiac, brain, bone, and dental
implants whose primary responsibility is to restore injured
human body part or function [1]. The market for medical
implants was worth 88 billion USD in 2019 and by 2023, it
is expected to reach 147.46 billion USD with a growth rate
of 19% which was only 7.1% during 2012-2017 [2]. In 2001,
about 26 million people in the United States had an implant
inside their body [3]. By the virtue of countless efforts of
researchers and industrialists, numerous materials, drugs,
and polymers have been introduced in medical implants
which save millions of lives and extend life expectancy.
Despite many efforts of researchers, medical implants
continue to fail due to corrosion [4], material leaching [5],
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loss of mechanical strength [6], tissue rejection [7], or loss
of function [8]. Both short- and long-term implant failure
are concerning because it requires the efforts of clinicians
and capital for reimplantation. To avoid extra burdens,
many strategies and modifications were introduced in bio-
medical implants to improve the biocompatibility, strength,
and topographical properties which may help the implant
to perform its function for a longer period. Surface topog-
raphy plays a crucial role in deciding the fate of foreign
body objects inside a human body. The surface characteris-
tics like roughness, nanopores, texture, and wettability are
some of the deciding factors for cell adhesion [9], immune
response activation [10], degree of biofouling [11], thrombo-
inflammatory cascade activation [12, 13], and fibrotic cap-
sule formation [14]. Typically, surfaces of the implants
are improved by passive and active coatings. The passive
coatings are inert and minimize the excessive attachment
of platelets and cells due to their inherent wettability and
surface texture. These coatings act as a barrier to protect
implants from ionic attacks of body fluids which have the
ability to slowly disintegrate the foreign body objects and
ultimately cause tissue rejection. In addition, these coatings
provide corrosion resistance, reduce material leaching, and
strengthen mechanical properties of the implants to increase
their endurance and life span. Different materials includ-
ing calcium, bioactive glass, carbon-based materials, and
hydroxyapatite are reported to be used as passive coatings
for biomedical implants [15, 16]. In contrast, bioactive coat-
ings are composed of drug loaded polymers which accelerate
lesion healing [17], reduce cell proliferation [18], occlude
thrombo-inflammatory cascades [19], and stagnate acti-
vation of the immune system [20]. Currently, biomedical
implants have hybrid coatings consisting of both passive and
active layers which help in wound healing and also extends
the life span of implants.

Carbon based materials have a myriad of applications due
to their excellent chemical, mechanical, thermal, and bio-
logical properties. The empty outer shell of carbon makes it
suitable for bonding with other materials at an atomic level
and produces millions of different compounds by forming
four covalent bonds. Carbon based coatings have excel-
lent mechanical and physical properties over a wide tem-
perature range, have chemical inertness, are biocompatible,
hemocompatible, and wear, corrosion and erosion resistant
which makes them suitable for multiple industries including
aerospace, automobile, heavy machinery, textiles, plastics,
energy, and food preservatives. All the allotropes of carbon
(graphene, diamond, amorphous, fullerenes) have multiple
applications in the biomedical industry and many studies
have reported their suitability and effectiveness as an inert
coating material [21-24].

Due to hardness of carbon-based materials and require-
ment of high-temperature conditions, specific coating
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techniques are utilized including vapor deposition-based
techniques, thermal sprays, and laser deposition. There are
some other suitable techniques like 3D printing [25, 26],
laser cutting [27], electrospinning [28], and dip coating [29]
which have been utilized for biomedical applications for
decades; however, this article focuses on the various vapor
deposition and laser deposition type coating techniques. Pre-
viously, many studies in literature solely focused on either
carbon-based materials or coating techniques. This paper
will be providing insights on both materials and techniques
by principally focusing on biomedical implants which could
be beneficial for the selection of carbon allotrope and its
coating technique for biomedical applications.

2 Carbon-based coatings

Carbon is one of the most important elements of the periodic
table which provides the foundations of life, as it is a con-
stituent of 95% of compounds on the earth [30, 31]. It has
the ability to not only bind with other elements but also with
other carbon atoms as well and also tailor the number of
bonds and energies; thus, multiple allotropes of carbon are
generated. These allotropes act as excellent coating material
and their atomic variations give them specific structures and
shapes which are suitable for different medical applications.
These allotropic carbon coatings and their applications are
explained in the coming sections.

2.1 Diamond like carbon coating

Diamond like carbon (DLC) has been used in multiple
fields of life because of its stability, inertness, and excel-
lent tribological, and mechanical properties. DLC is hard
and wear-resistant; hence, making it a suitable material to
coat industrial tools, batteries, knives, compaction devices,
and wear-resistant surfaces [32]. It also has excellent bio-
compatibility which allows it to be utilized in the biological
realm for multiple applications [33]. The structural analysis
of DLC demonstrated that it is amorphous in nature and
has differing ratios of sp?, sp> bonded carbon, and hydro-
gen. The amorphous matrix usually has sp® nodules in an
sp” bonded matrix. In contrast, graphite has sp? bonding
with a planer configuration in which a single carbon mol-
ecule makes a double bond and two single bonds with two
different atoms (mostly carbon atoms). The carbon having
sp® bonding possesses a tetrahedral arrangement by making
three single bonds [34]. The different combinations of these
three elements impart varying properties to DLC coatings
and the application depends upon their concentration and
arrangement [35].

The properties of DLC betwixt and between diamond and
graphite include higher hardness, lower friction coefficient,
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excellent tribological properties, and lower wear rate [32].
It has many applications in the field of biomedicine due to
its hemocompatibility, anticancer, antithrombogenic, and
antibacterial properties [36]. DLC is mainly coated on car-
diovascular stents to reduce thrombogenicity and to improve
the mechanical properties of the stents. The arrangement of
carbon atoms in DLC coating makes them inert and hydro-
phobic which avoids the attachment of blood clots to the
surface coating. In addition, the diamond like morphology
promotes endothelial healing and tissue repair at the tar-
get site. Hasebe et al. administered the adsorption of pro-
teins on DLC coated surfaces since it was the first event
of coagulation cascade and thrombus formation. This study
also demonstrated the repression of cell proliferation and
blood coagulation due to DLC coating [37]. Similar results
can be found in many other studies [38—41]. Coronary stent
MOMO® is the commercially available DLC stent that
has demonstrated non-inferiority results when compared
to MULTI-LINK VISION stent and proved its efficiency
and effectiveness in 99 patients from 19 different centers in
Japan [42]. In another study, Gorzelanny et al. fabricated a
hybrid surface of a bone implant by combining DLC coating
with silver nanoparticles to improve the anti-proliferation
and anti-bacterial properties. The inert and antiproliferative
properties of DLC when complemented by the strong anti-
bacterial properties of sliver material resulted in an excellent
mammalian cell compatible surface [43]. Some other stud-
ies also demonstrated an improvement in the properties of
cardiovascular stents and other medical implants [44, 45].
Overall, DLC coatings are excellent candidates to dimin-
ish thrombus and inflammation-related issues of biomedical
implants.

2.2 Pyrolytic carbon coating

Pyrolytic carbon is a synthetic material that is made by the
thermal deposition (400-2500 °C [46]) of hydrocarbons
under a vacuum. It was introduced in the 1960s and it was
first used for the coating of nuclear materials. Nevertheless,
since then, it has been used for multiple other applications,
especially in the field of biomedical devices [47]. Pyrolytic
carbon has a turbostratic structure [48] in which carbon
atoms are covalently bonded with each other and make a
loose hexagonal structure. The crystallites of pyrolytic car-
bon are randomly oriented and are spaced at 0.348 nm. There
are also fine crystalline regions in the pyrolytic carbon in the
order of 2.50-4 nm [49]. The good mechanical strength,
roughness, durability, physical strength, and biocompat-
ibility of pyrolytic carbon make it a suitable candidate for
the coating of biomedical implants and other devices. It has
been found compatible with soft and hard tissues due to its
inability to evoke thrombo-inflammatory cascades [50].

The major application of pyrolytic carbon was in the field
of heart valves in which either the whole artificial heart was
made of pyrolytic carbon [51] or only the surface was coated
with pyrolytic carbon [52]. In addition, it has also been used
for the coating of cardiovascular stents i.e., Cre8 stents. In
this stent, the coated surface is called a bio-inducer surface
which expedites the stent endothelialization and decreases
the risk of thrombosis [53]. The results of Cre8 stent demon-
strated better performance than control group and improved
clinical results in NEXT and other trials [54, 55]. Other iso-
topes including low-temperature isotropic pyrolytic carbon
(LTIC) have also been extensively investigated and studied
and have been used for the coating of medical implants. It is
a highly energized and hydrophobic material that is suitable
for biomedical applications [56].

2.3 Silicon carbide coating

Silicon carbide is from a diamond like carbon category and
is commonly obtained from silica sand and petroleum coke.
It possesses excellent stability, hardness, and resistance to
chemical attacks. Its common application is to be used as
an abrasive material and protective coating for different
machines.

SiC has a crystalline structure composed of Si and C
atoms. The atoms are covalently bonded by making tetrahe-
dral structures. These structures have electrons in sp* hybrid
orbitals and generally hold 4.5 eV energy. Ogwu et al. found
that Si-doped a-C:H coatings (Si-DLC), which lowered the
electrical resistivity, effective work function, and surface
energy, leading to reduced platelet aggregation and enhanced
hemocompatibility. Apart from electrical properties, surface
wettability is also a crucial determinant affecting hemocom-
patibility [57]. Many other studies demonstrated the reduc-
tion in platelet aggregation and corrosion by SiC coated sur-
faces [58, 59]. Furthermore, there are many commercially
available cardiovascular stents (i.e., Orsiro drug eluting
stent) that are coated with SiC to improve the mechani-
cal strength, reduce thrombo-inflammatory reactions, and
improve hemocompatibility [60]. BIOFLOW clinical trials
series and BIONYX trial have proven the superior results of
Orsiro as compared to other stents i.e., Xience, Biofreedom,
and Onyx stents [61, 62].

2.4 Graphene coating

Graphene is a nanomaterial that is synthesized by the iso-
lation of a single layer of graphite. Due to the tunable
surface chemistry of graphene, it also exists in the form
of graphene oxide and reduced graphene oxide. Both fun-
damental and applied research attaches great importance
to graphene due to its excellent properties i.e., high sur-
face area, high electrical and thermal conductivity, and
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excellent chemical and mechanical properties. It also has
applications in the biomedical industry due to biocompati-
bility and hemocompatibility. The noteworthy applications
of graphene are in the food industry and sensor fabrication.

The structural analysis of graphene showed that carbon
is arranged in the form of hexagons by making honeycomb
lattices. It has n-electron clouds with sp? hybridized car-
bon atoms. Ideally, graphene has 0.14 nm and 0.35 nm
C—C bond length and thickness, respectively. A single car-
bon atom of graphene forms three strong ¢ bonds with its
neighboring atoms making a lattice that may exist in two
chiral forms: A and B [63].

Graphene is a miraculous material which is existed in
multiple forms i.e., graphene sheets, graphene quantum
dots, graphene oxide or pure graphene. Each type of gra-
phene brings different advantages and applications. For
instance, graphene quantum dots have smaller size and
have functional groups like hydrogen and oxygen mol-
ecules incorporated into it; therefore, they are used for
scavenging free radicals, biomedical imaging, drug deliv-
ery and photoelectric related applications [64]. Graphene
oxide is widely used in semiconductors, fuel cells, and
energy storage devices. In biomedical sensors, it is used in
field-effect transistors (FETs) which helps in chemical and
biological sensing. Graphene oxide has also found suitable
for gene therapy and gene delivery because it provides the
protection to vectors and DNA during delivery [65]. For
biomedical implants, graphene coating is used to enhance

the surface properties, durability and biocompatibility
[66].

The hydrophobic character of graphene sheets makes it
an excellent candidate to be utilized in a fluidic environ-
ment; therefore, it has been used to coat biomedical implants
to reduce the attachment of blood cells and other cellular
entities [67]. Many studies have proven the improved lesion
healing and reduced thrombosis due to graphene coatings on
cardiovascular stents [68, 69]. In conclusion, graphene and
its different forms have applications in drug delivery, gene
delivery, cancer therapy, bioimaging, and biosensing [70].

2.5 Pure graphite coating

Graphite is an anisotropic compound that is different from
diamond on the basis of atomic bonding and hybridiza-
tion. In contrast to diamond which has both sp?, sp> bonded
carbon, graphite only has sp? hybridization. This bonding
allows the carbon atoms to stack upon each other and form a
hexagonal configuration as shown in Fig. 1E. The crystalline
structure of graphite is electrically and thermally conductive
which makes it suitable to be used in batteries, lubricants,
high temperature refractories, and electric vehicles [71].
Graphite has a slight hydrophobic behavior which can be
tweaked as per requirements through structural and configu-
rational modifications. For example, Kozbial et al. reported
the absorption of airborne hydrocarbons can decrease the
hydrophilic character of graphite [72]. In the biomedical
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Fig.1 The atomic arrangement of different allotropes of carbon A
Tetrahedral arrangement of carbon atoms in pure diamond showing
the presence of c—c-c and having 1.544 x 107'% bond length B Amor-
phous coating of DLC showing a combination of sp? and sp® hybridi-
zation C Hexagonal array of pyrolytic carbon having weak interlayer
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of bonding D Tetrahedral bonding of Si-C-Si and C-C-Si bonds in
SiC having up to~1.85 A bond length E monolayer, planar, and hex-
agonal lattice structure of graphene having 0.142 nm bond length E
sandwich-like structure of graphite having 1.421 A bond length
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industry, graphite has demonstrated a myriad of applica-
tions. In a study, Shahriarinour et al. developed a pencil
type graphite sensor for the assessment of cholesterol levels
which had sensitivity up to 4.98 nmolL~! [73]. Similarly,
graphite based sensors for heart and glucose monitoring
were described by Tang et al. and Lima et al. [74, 75]. In
addition, graphite has been reported to be used as a bone
cement [76], antimicrobial agent [77], and coating agent for
heart valves [78].

3 Nanostructures of carbon

The nanostructures of carbon have opened new avenues of
research in the field of biomedical sciences, tissue engi-
neering, automobile, and fuel industry. Carbon itself has
a myriad of properties and characteristics which makes it
a lifeline of many industries; however, the nanostructures
enhance these properties by manifolds and make carbon
more desirable and beneficial for industrial applications.
The combination of nanotechnology and carbon materials
accelerated the natural inclination of forces including cova-
lent bonding, hydrogen bonding, and van der Waals forces
which made the material extremely lightweight, ultra-strong,
durable, and highly thermally and electrically conductive.
The careful investigation of carbon nanostructures demon-
strated that each one of the nanostructures had its unique
characteristics, properties, and applications. The details of
different nanostructures of carbon are explained in the com-
ing sections.

3.1 Carbon nanotubes

Carbon nanotubes (CNTs) are an exquisite type of car-
bon-based materials that has numerous and divergent

applications. It has been widely explored in the biomedical
field for its applications in biosensing, drug delivery, tissue
engineering, imaging, diagnosis, and cancer therapy. CNTs
are formed by the coordination of three carbons which are
pyramided from sp? hybridization towards sp> hybridization.

These are available in the form of a single cylinder or
multiwall tubes. The diameter of single and multi CNTs are
~ 0.4 nm and > 30 nm, respectively. Both types of CNTs
have different applications. The single walled CNTs are
ultra-light weight; therefore, these are suitable for electro-
chemical energy storage, photovoltaics, nanoelectronics and
thermoelectric power generation [79]. In biomedical field,
there are different applications of single welled CNTs i.e.,
Yang et al., reported the use of single CNTs as drug carriers
in Alzheimer’s disease [80] and Chen et al., described the
use of single CNTs for drug delivery to prevent the tumor
progression [81]. In comparison, multi walled CNTs are
popular for the applications of solar cells, flat panel dis-
plays and transistors. Yola & Atar reported the use of multi
walled CNTs in immunosensors for tumor detection [82].
In another study, use of multi walled CNTs was reported for
detection and analysis of cancer progression and metastatic
potential [83]. In addition, different studies have reported the
site specific drug delivery through multi walled CNTs [84,
85]. These have also shown potential in the field of biomedi-
cal implants as studies have reported applications of multi
walled CNTs for corrosion resistance and uncontrolled cell
growth suppression through targeted drug delivery [86, 87].

To synthesize CNTs, chemical vapor deposition is used.
The commercial uses of CNTs are explained in Table 1.
CNTs possess snacking effects which helps them in pen-
etration in membranes and increase their biocompatibility
[88] and makes them suitable candidates for the diagnosis
of diseases [89], biosensor development [90], drug deliv-
ery [91], anticancer therapy [92] and targeted therapy [93].

Table 1 Details of applications of carbon nanostructures and their manufacturers

Sr# Material

Overall applications Biomedical applications

Carbon manufacturers

1

Carbon nanoparticles

Carbon nanotubes

Carbon fibers

Carbon dots

Delivery of therapeutics, food pack-
aging, light control, nanoceramics

Drug delivery, biosensing, anticancer
therapy, tissue engineering, person-
alized medication, and biomedical
imagining

Batteries, automobile parts, sports
goods, electromagnetic shields,
electronics, device modelling, boat
hulls, sporting goods, and water
filters

Gene therapy, drug delivery, tissue
engineering, biosensing

Sports goods, tennis racquets,
archery bows, aircraft parts, sail-
boat masts, automobile springs, and
spacecraft parts

Wound dressing, biosensing, face
masks, and tissue engineering

Photocatalysis, chemical sensing
biosensing, photovoltaic devices

Bioimaging, drug delivery, medical
diagnosis

American Elements [USA]
CHASM Advanced Materials, Inc
[USA]

Arkema [USA]

Nanocyl [USA]

Klean Commodities [USA]

Hyperion Catalysis International
[USA]

Hexcel [USA]

Mitsubishi Rayon Co. Ltd. [USA]

Nanoshell [USA]
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In the biomedical field. Pahlevanzadeh et al. increased the
strength of load bearing bone implants made of PMMA-
based cement [94] and Francis et al. reported the suitability
of coating of CNT-reinforced chitosan-based ceramic com-
posite on magnesium based biomedical implants to increase
the anticorrosion and antibacterial properties [95]. Mondal
et al. used the thin films of CNTs as an alternative to induce
pluripotent stem cells which proved to be better than stem
cells as it maintained pluripotency, and induced the differen-
tiation of ciPSC in regenerative medicine applications [96].

3.2 Fullerenes

Fullerene is a soccer ball shaped allotrope of carbon which
is composed of sixty carbon atoms. It has n-electron sys-
tems, and the long curvature and hollow spheres of these
systems make them suitable for multiple applications. The
large surface area of fullerenes makes it appropriate for exo-
functionalization which facilitates the attachment of amino
acids and peptides for medical applications [97]. Fullerenes
have found to be an excellent nanoplatform for cancer detec-
tion and management. In a study, the autophagy and antican-
cer potential of fullerenes was investigated and application
of fullerenes in chemotherapy was reported [98]. These have
also been found suitable for bioengineering based solution
and promotion of osseointegration in bone implantation
[99].

3.3 Carbon nanoparticles

Carbon nanoparticles are a widely explored class of materi-
als that have numerous applications in the field of biomedi-
cine, biomedical implants, sensors, automotive mobiles, and
many other. fields Carbon black is the most famous example
of nanoparticles which is widely used in pigments, cosmet-
ics, inks, coatings, and automobile tyers. Carbon nanoparti-
cles have a diameter of 3—10 nm and are synthesized through
carbonization, heating, activation, and grinding. The struc-
tural analysis showed that they have an electronic configu-
ration of [He] 2s*2p%. Currently, carbon nanoparticles are
dominating over metal nanoparticles and are considered an
excellent material to be used in various fields due to their
stability and performance.

3.4 Carbon nanofibers

Carbon fibers have been extensively used in aircrafts, sports
cars, and their equipment due to their hardness, durability,
and corrosion resistance properties. Carbon nanofiber is a
quasi-one-dimensional carbon material that has a diameter
up to 100 nm. According to its structural analysis, it lies in
between carbon fiber and carbon nanotube. It is a strong
material and has strength up to 8.7 GPa which is the reason
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for its multiple applications. It is usually synthesized by cat-
alytic decomposition reactions, chemical vapor deposition,
and electrospinning. In the field of biomedical engineering,
carbon nanofibers are used to increase the strength of bio-
materials in tissue engineering, cell regeneration, and cancer
treatments. In the field of biomedical implants, Buschbeck
et al. described carbon nano fibers as neural implants in
insects to assess their activity and reported them as a suit-
able candidate to replace metal electrodes [100].

3.5 Nanoribbons

Nanoribbons are one of the most fascinating classes of car-
bon. These are one dimensional, finite and planner structures
of graphene which have different types of structural arrange-
ments i.e., zigzag, armchair or intermediate character. The
applications of these structures also vary when their struc-
ture changes i.e., electronic properties are achieved by using
edge structure [101]. In biomedical applications, graphene
nanoribbons are used in biosensing and drug delivery [102].
These are also used as therapeutic agents to increases the
efficiency and efficacy of treatment regimens [103].

3.6 Carbon nanoflowers

Carbon nanoflowers are a recent class of three-dimensional
carbon nanostructures which has similarities to the plant
flowers. These nanoflowers have structural and morphologi-
cal similarities to natural flowers and their petals are excel-
lent sites for the storage. In biomedical industry, nanoflow-
ers have been used for diagnosis and treatment purposes
because of their ability to interact with human body at cel-
lular level. The most interesting application of nanoflowers
is in cardiovascular disease because of their ability to trig-
ger the regrowth of blood vessels [104, 105]. Nanoflowers
have also been found to effective for cancer therapy as in a
study, microbial transglutaminase nanoflowers demonstrated
effectiveness in treating breast cancer [106]. In a recent
study, nanoflowers were used in microneedles to monitor
glucose levels in body [107]. Due to lesser toxicity effects
of nanoflowers, these are being investigated in the field of
biomedical implants; however, a lack of data exists in litera-
ture regarding applications of nanoflowers for biomedical
implants (Fig. 2).

3.7 Carbon quantum dots

Carbon quantum dots are an emerging class of carbon
materials that have polymer-like and fluorescent properties.
These are a type of carbon nanoparticle having a discrete and
quasi-spherical carbon structure that can be obtained dur-
ing the purification of single-walled carbon nanotubes. The
carbon atoms are arranged as sp>-graphitic carbon which
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(A)

Fig.2 Nanostructures of carbon A Honeycomb mesh like structure of
carbon nanotube which is made by the wrapping of individual lay-
ers of carbon around each other B carbon nanoparticles having [He]
2s% 2p” configuration C Electrospun nanofiber having carbon lay-

combines with sp® hybridization resulting in imparting flo-
rescence to the quantum dots. Their size is usually less than
10 nm. This class of material is playing a significant role in
the field of biomedicine as it has applications in diagnosis,
bioimaging, material fabrication, drug delivery, synthetic
chemistry, biosensing, and materials science.

4 Toxicity related issues

The traces of carbon could be found in every aspect of life
and its nanostructures have made human lives easier. The
development of nanostructures of carbon requires differ-
ent types of processing that modifies the physicochemical
and structural properties and increases the toxicity of the
material which is a major concern for carbon-based mate-
rials [108]. The researchers have worked on optimization
of these material and modifying them in such a way that
their toxic levels were lessened and fall under the accept-
able range [109]. Toxicity of carbon-based nanostructures
is witnessed when high concentration of material is used
i.e., Delorme et al. reported a persistent inflammation
in rats after 90 days’ exposure to carbon nanofibers at
25 mg/m® concentration [110]. Similarly, another study
mentioned the inflammation at 1.5 mg/m? concentration

ers stacked in the form of cones D Quasispherical carbon quantum
dots possessing amorphous to crystalline carbon base Quantum dot
E Bucky ball structure of fullerenes F Nanoflowers under electron
microscope depicting similarities with natural flowers of plants

of multi-welled carbon nanotubes [111]. Despite debat-
able toxicity, carbon-based materials have been used in
bioimaging, diagnostics or different treatment regimens
and preclinical studies suggested insignificant or non-toxic
effects [112]. There are many factors which help in the
reduction of toxicity i.e., type of solvent, size of carbon
material, synthesis process and byproducts [113]. Due to
advancement in biomedical field, the toxicity levels of
these materials have been controlled and reduced; there-
fore, clinicians can now use these materials without any
hesitation.

5 Carbon-coating techniques

Apart from nanostructures of carbon, the coating of carbon
materials has garnered much attention due to their excel-
lent properties. Studies have shown that carbon is difficult
to coat on target sites through traditional coating tech-
niques like dip coating and spin coating; however, high
temperature-based techniques were found to be the most
suitable for coating purposes. Therefore, the details of dif-
ferent coating techniques for carbon materials and their
applications in the biomedical industry are discussed here.
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5.1 Vapor deposition based techniques

The coating techniques are selected on the basis of coat-
ing material and the type of substrate because the type of
material of target site influences the coating process and
adhesion properties. For carbon-based materials, multiple
types of coating techniques are used which are selected on
the basis of substrate material, intended applications, and
thickness of the coating layer. Multiple coating techniques
and their process and requirements are explained in the fol-
lowing sections.

5.1.1 Chemical vapor deposition

Chemical vapor deposition (CVD) is a sophisticated technol-
ogy for materials processing and is utilized to deposit thin
films with the help of chemical reaction of gas-phase precur-
sors. It uses chemical reactions from a thermally induced
substrate surface to provide a solid coating of reaction prod-
uct by supplying reagents in gaseous form. Vapor-phased
substances are condensed to produce solid phase material
[114]. CVD is a lucrative technique because it can accom-
modate a large number of precursors and coat various types
of thin films. Only a few elements from the periodic table,
such as noble gases, halogens, and a few actinides and alkali
metals cannot be deposited using this method. The chamber
of CVD harbors a vapor—solid reaction in which precursor
gases move and react with each other in a heated vacuum
and deposit multidirectional and assorted coatings.

For decades, CVD has been used to coat the surfaces of
different medical devices with various types of materials.
Carbon-based materials are the obvious choice of material
to be coated through CVD and many studies have reported
the improvement in the medical devices after these coatings.
Recently, Kheradmandfard et al. reported the exceptional
improvement in the corrosion and wear resistance of Ti alloy
after coating Si/DLC nanocomposite through CVD [115].
Moreover, Ti and TiN based materials are popularly coated
through CVD [116]. In literature, different types of carbon
coatings including graphene [117, 118] and pyrolytic carbon
[119-121] have been successfully applied in the biomedical
industry for multiple applications. The CVD based coatings
may improve the tribological and performance based prop-
erties as well as biocompatibility of biomedical implants.

In addition to innumerable benefits, there are multiple
drawbacks of CVD including utilization of high temperature,
reactive precursor gasses and requirement of safety gears
for operators which results in higher cost and material con-
straints. To avoid the temperature related issues of CVD,
plasma enhanced chemical vapor deposition was intro-
duced which has advantages of low toxicity and substratum
constraints such as inorganic materials, in particular, low
temperature and chemical stability, solvent and corrosion
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resistance, and substrate limits due to complicated geom-
etries and composition.

5.1.2 Physical vapor deposition (PVD)

PVD has been used for the coatings of different industrial
machines and parts to improve their mechanical surface
properties. Initially, it was associated with poor adhesion and
uniformity related issues which were resolved by process
and machine optimization. Currently, operators have full
control over deposition rate, structure, and temperature for
substrate coating on the target. It also has computer numeric
control which makes it suitable for industrial processes and
coating of materials at a larger scale.

PVD uses atomization or vaporization processes that
do not involve chemical reactions for material coatings to
grow coatings on a surface from the atomic level. These
atomic coatings are deposited in the presence of vacuum
and plasma or an electrical environment and PVD deposits a
line-of-site impingement type of coatings. Chowdhury et al.
coated Ti6Al4V alloy with AITiN and CrN through PVD
for aerospace applications and reported the improvement
of mechanical properties and wear resistance of the speci-
mens [122]. Similarly, Vega et al. demonstrated the improve-
ment in wear and corrosion resistance by introducing the
interlayers of Ti through PVD in TiN coatings [123]. Krella
investigated the influence of the deposition process of PVD
coatings through cathodic arc evaporation based PVD and
reactive magnetron sputtering based PVD on the degrada-
tion rate under cavitation erosion. The results exhibited the
phase transformation Fe-y — Fe-a' of substrate regardless
of coating conditions and techniques; however, coatings
through reactive magnetron sputtering underwent intense
transformation showing that lower density coatings are not
suitable for erosion related applications [124].

The coatings of magnesium based implants through
PVD had been popular in the field of biomedical industry.
Vignesh et al. coated the surface of magnesium with iron
and hydroxyapatite to improve the mechanical, biological,
and corrosion related properties as well as ameliorate the
degradation rate of magnesium [125]. Bahi et al. coated Ti
with (Ti/TiN)y and (Ti/TiN)y/TiO, through PVD to improve
their performance in the biological environment and dem-
onstrated the improvement in biocompatibility, tribological,
and corrosion resistance related properties [126]. Generally,
PVD based coatings are notorious for their lesser adhesion to
the substrate, and an optimization process is needed for bet-
ter adhesion. Niflen et al. optimized the process of a-C:H:Cu
coating on Ti6Al4V alloy using a hybrid of PVD/PECVD
coatings and reported that controlling Cu mole fraction and
bias voltage of substrate is crucial to achieving better adhe-
sion of film to substrate [127]. Many other studies have also
reported the applications of PVD in the biomedical industry.
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The PVD has an advantage over CVD in terms of temper-
ature related challenges because it requires a lower tempera-
ture as compared to the CVD chamber. In addition, it uses a
solid precursor which makes it suitable for many organic and
inorganic compounds and elements. However, PVD based
processes and coatings face some challenges like limited
adhesion, lack of uniformity in the coating’s thickness, and
inability to coat inside the implant or tool surface [116].
Scientists are improving PVD processes and machines to
increase the favorability of the coating.

5.1.3 Plasma enhanced chemical vapor deposition (PECVD)

PECVD is an advanced version of CVD and was introduced
to solve the problem of high coating temperatures because
numerous materials could be degraded at higher tempera-
tures making them unable to coat through CVD. Therefore,
the thin-film deposition at considerably lower temperatures
on organic or inorganic materials was started to be done
by using electrical energy to form a plasma that ionizes natu-
ral gas and produces free radicals, which are then polymer-
ized to form a deposition layer.

PECVD is a hybrid coating process that combines tech-
nologies of CVD and high energy plasma to avoid the high
temperature requirements of conventional CVD. In this pro-
cess, the organic molecules are subjected to electron beams
to produce free radicals which ultimately polymerize and
stick to the target surface generating a deposition layer. To
make the process efficient, later low-intensity electron beams
were introduced to create layers on target surfaces and avoid
material decomposition related issues [128, 129]. In addi-
tion, radio frequency based PECVD became popular for
organosilicon based coatings [130, 131].

PECVD has been used in the field of biomedical implants
for coating purposes. There were multiple studies in lit-
erature that demonstrated the benefits of these techniques
which are described here. Euridicea et al. used PECVD
to coat amorphous C:H films on the surface of Ti6Al4V
alloy to improve the chemical and biological responses of
body against the alloy [132]. The analysis of human periph-
eral blood mononuclear cells (PBMCs) demonstrated the
reduction in inflammatory reaction and immune response
activation. In another study, the mechanical properties and
hardness of titanium bone implants were improved after SiC
deposition through PECVD [133]. ] Huran et al. character-
ized the SiC coating through IR, AES, and RBS. The exist-
ence of Si—C, Si—H, and C-H bonds was confirmed through
the IR spectra of specimens [134]. Another study demon-
strated the analysis of PECVD coated amorphous silicon
carbide on vascular stents to improve biocompatibility and
mechanical strength. Precursor gases such as Silane (SiH,),
methane (CH,), and phosphine (PH;) are employed to
deposit n-doped a-SiC:H [135]. Many other studies proved

the non-cytotoxicity and biocompatibility of the PECVD
based coatings [136, 137]. In summary, PECVD is an effec-
tive technique to coat biomedical devices and implants to
improve their mechanical and biocompatibility properties
(Fig. 3).

5.2 Plasma spraying

Plasma spraying was an amazing technology that emerged
after World War II to improve the function of machines and
their parts with a thin layer of coating which was done with
the help of plasma that could melt ceramics or metal pow-
ders. These molten materials were then sprayed over the
target surface to deposit a protective coating. Plasma spray-
ing has many advantages including low cost, rapid deposi-
tion rate, low probability of thermal damage of material,
chemically inertness, and the ability to coat at a relatively
low temperature.

Plasma spraying has enormous uses in the field of bio-
technology and biomedical devices. It is used to improve the
mechanical, material, and corrosion properties of biomedi-
cal implants and other devices. The adhesion strength of
coatings deposited through plasma spray coating techniques
depends on two factors: the nature of the coating material
and the nature of the target material. Plasma-sprayed HA
or CaP coatings have been reported to have poor adherence
with the target in several investigations and scientists are
trying to optimize the process conditions to achieve maxi-
mum adhesion.

Many studies reported the coating of Ti—-6Al-4 V alloy
through plasma spraying. The coatings were composed of
HA/Titanium or HA/yttrium stabilized zirconia (YSZ)/
Ti—6Al-4 V. These coating showed better adhesion to the
target due to the inclusion of Ti in HA coating which also
reduced the residual stress created during the spraying pro-
cess. [140, 141] Yang et al. coated Ti and CoCrMo implant
materials with ZrO, coatings and discovered that ZrO, (4
percent CeO,) had high adhesion. ZrO, (4 percent CeO,)
coatings have average adhesion strengths greater than 68 to
titanium and greater than 67.7 MPa to CoCrMo, with failure
occurring within the ZrO, coating [142].

5.3 Thermal spraying

Thermal spraying is a rapidly growing technique that has
multiple applications in heavy industry, agriculture industry,
and other fields. Many advanced and sophisticated thermal
spray machines are used in the automobile industry for the
coating of vehicle parts [143]. Thermal spray coatings are
formed by the successive impact of a stream of spray drop-
lets in fully molten or partially melted states, followed by
flattening, rapid cooling, and solidification. The heating and
accelerating of the spray materials are necessary to create
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fine spray droplets. Chemical reactions such as metal alloy
oxidation during heating may occur which may change the
chemical compositions and phases of the spray materials
and add additional functional properties to the coatings. The
parameters of the droplets, including temperature, velocity,
and size, which are determined by spraying processes and
conditions, influence the interaction of the spray particles
with the spray flame, and coating deposition processes [144,
145].

The thermal spray approach is getting a lot of attrac-
tion and is being embraced as a new way of coating that
improves the biocompatibility and mechanical properties of
biomedical implants. Precursors in the form of solution or
suspension are used to coat the target substrate and impart
desirable qualities in thermal spray. There are three types of
plasma sprays: flame, plasma arc, and electrical arc sprays.
In addition, a few other techniques use plasma spray to coat
their targets including atmospheric plasma spraying (APS),
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generate plasma and operate at lower temperature and deposit dielec-
tric thin films [138] D Plasma spray having 30 mbar-900 mbar pres-
sure which is used to the formation of plasma jet by a transferring arc
between the cathode and wire [139]

vacuum plasma spraying (VPS), liquid plasma spraying
(LPS), suspension plasma spraying (SPS), high-velocity
oxy-fuel (HVOF), high-velocity suspension flame spray-
ing (HVSES), detonation gun spraying, and gas tunnel type
plasma spraying (GTPS).

Plasma spray has been used in the biomedical industry
to coat the targets for the applications of improved bio-
compatibility, body response, and mechanical properties.
Gadow et al. and Prashar & Vasudev have reviewed many
studies and provided strong evidence from literature that
plasma spraying is a suitable technique to increase the
osteoconductive and biocompatibility of bone implants
[146, 147]. In another study, Vilardell et al. studied
the effects of three different sprays (thermal, cold, and
high velocity oxy fuel spray) and observed their effects
on cell adhesion and proliferation. The results indicated
the response of cell and grain size hydroxyapatite differs
by varying the spray type [148]. Liao et al. reviewed the
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biocompatibility, anti-infective and anti-corrosive proper-
ties, and wear-resistance of cold spray coatings and found
them to be suitable for biomedical applications and bio-
logical atmospheres. Overall, it may be concluded that
thermal spraying is a potentially suitable technique for bio-
medical applications to improve their microstructure, as
well as mechanical, and biological properties [149, 150].

5.4 Laser deposition

Laser deposition is another popular method for coating
biomedical implants which uses high power density laser
with low frequency bandwidth. In this process, laser beam
evaporates the material and deposits a layer of vaporized
material on the implant’s surface. The ablated material
generates a plasma plume of highly excited atoms, ions,
electrons, and molecules because the focused pulse layer
has a high energy density. By modifying the deposition
rate, thickness of the coating is optimized. Arias et al.
experimented with the adhesive characteristics of amor-
phous and crystalline hydroxyapatite as a coating material,
and optimized the coating process and thickness of coat-
ing layers. This study concluded that the combination of
amorphous and crystalline hydroxyapatite increases the
adhesion and strength of coatings [151]. In another study,
Blind et al. deposited the hydroxyapatite on titanium alloys
to optimize the roughness and adhesion related parameters
[152]. These hydroxyapatite based coatings have many
applications in the field of biomedical implants which
were reported by Hidalgo-Robatto et al. [153], Pradha-
ban et al. [154], Chen et al. [155] and others [156—-158]
(Fig. 4).

6 Discussion

Diseases are a part of nature and despite huge technological
advancements in diagnostic and therapeutic strategies, the
elimination of diseases could not be done. Although there
had been huge improvements, the complete annihilation of
diseases has yet to be achieved. One of the most important
parts of the medical industry is biomedical implants which
have been used to cure heart clogged/blocked arteries for
decades and no one can deny their importance. Apart from
their cardiovascular applications, these are widely used in
the treatment of bone and dental issues. When an implant is
placed inside the human body, it is expected to perform its
desired functions without initiating thrombo-inflammatory
cascades, immune response, and other undesired reactions
which can cause multiple allergic reactions and implant-
induced coagulation cascades resulting in implant failure
leading towards reimplantation and in the worst case sce-
nario, body part failure. To avoid such drastic consequences,
researchers are required to introduce modifications or coat-
ings which have ability to combat corrosion, fracture, toxic-
ity, and poor mechanical strength of the implant. To over-
come all these issues, the most suitable way is the deposition
of the coating layer on a biomedical implant surface with a
suitable material. For successful implant fabrication, there
are two main factors that one must keep in mind: one is the
material that needs to be coated on the implant and the sec-
ond technique is to coat material on the implant.

Carbon is an excellent material that is also part of the
foundations of life on the earth. It has been popular in the
industries like fuel, heavy machinery, automobile, paints,
plastics, and even the food industry. In addition, it has excel-
lent hemocompatibility and biocompatibility which makes
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it a suitable candidate for biomedical applications. Carbon
based surgical tools and heart valves have been reported to
perform better than other materials. Carbon fiber is found
to be an excellent wound healing gauze that has the ability
to endure harsh environmental conditions. Carbon has also
been used in stem cell technology and tissue regeneration
and has shown promising results. The thin films and coatings
of carbon may mimic the human body functions favorably
and provide a suitable environment for the ibroblasts, oste-
oblasts, and macrophages at the lesion site without evok-
ing any inflammatory or immune reaction. Because of its
durability and hardness, it has been observed to improve
the performance and load bearing properties of hip and knee
joints which minimizes the rate of corrosion and material
leaching, resulting in lesser debris formation. It also acts as a
barrier to lock the metal components inside the implant and
blocks the release of ions from metallic implants into body
fluids. Due to wettability properties, carbon films have a
tendency to prevent thrombogenicity by appropriately mini-
mizing the platelet activation and adhesion. Additionally, the
hemocompatibility and biocompatibility of carbon films can
be improved by the incorporation of materials like silicon,
titanium, nitrides, or oxides.

The use of modified carbon-based materials has gained
popularity due to the enhancement of properties i.e., struc-
tural, electrical, thermal, mechanical, and optical. In addi-
tion, the introduction of nanotechnology augmented unique
features which sparked the interest of researchers for biologi-
cal applications. Due to the freedom of manufacturing any
type, shape, or nanostructure of carbon, multiple types of
functions were obtained; however, a particular focus was on
drug delivery systems. The primary function of these sys-
tems targeted drug delivery and mimicked protein channels
which helped to improve lesion healing. In medical implants,
it helped to reduce the failure rate of implants. The adapt-
ability and characteristics of carbon-based nanomaterials
and coatings provide the solutions to issues like infections,
delayed wound healing, and osseointegration. Furthermore,
due to the enhancement of mechanical properties, the life
span of implants is also increased.

Selection of technique for the surface modification and
coating is an important factor which is selected based on
the working environment, type of problem, and materials
involved. There are many techniques that can be utilized to
coat the material for example sol-gel, electrostatic deposi-
tion, thermal spraying, plasma spraying, dip coating, laser
coating, physical and chemical vapor deposition, etc. In the
current era, the widely used techniques for coating biomedi-
cal implants are physical vapor deposition, chemical vapor
deposition, and plasma-enhanced chemical vapor deposi-
tion. Every technique carries some disadvantages along with
many advantages. For example, chemical vapor deposition
requires high temperatures to deposit a coating layer on the
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substrate; however, it can accommodate a large number of
precursors and is widely used in coating different materials
including TiN, carbon, and silicon. Despite many advan-
tages, it may affect the physical and chemical nature of the
substrate due to the utilization of high temperatures. To
avoid this issue of high temperature, the new technique was
introduced as plasma-enhanced chemical vapor deposition
in which the deposition of thin film on organic or inorganic
material at a relatively lower temperature than CVD by using
electrical energy to produce plasma which ionizes the gas
and free radicals are produced which undergo radical polym-
erization. Table 2 lists all the coating processes commonly
utilized in biomedical implant coating. It summarizes all
the benefits and drawbacks of employing various ways to
deposit layers on biomedical implants. Based on the benefits
and drawbacks, it is simple to determine which technique is
most appropriate.

Although, carbon has been extensively studied and uti-
lized in various fields of life, its applications are still limited
in the field of biomedical devices and implants. Currently,
only a handful of products are available in the market which
are using carbon based technologies and coatings to improve
the results and functions of devices. There is a need to
develop cost effective and efficient methods for the produc-
tion of nanostructures at the industrial level with controlled
morphology. CNTs and carbon quantum dots are gaining
popularity due to their efficiency and better results. In the
future, these may be replacing traditional carbon fiber and
drug delivery devices, particularly in vaccine delivery and
gene therapy. These are also expected to be used as reinforc-
ing materials to increase the mechanical strength and hard-
ness of materials. In conclusion, carbon-based nanostruc-
tures and coatings would be utilized in a myriad of materials
to improve the functions of materials and structures.

7 Conclusion

The excellent structural and functional properties of car-
bon allotropes make them suitable candidates for the pas-
sive coatings of biomedical devices and potentially provide
a solution to existing problems of medical implants like
thrombosis, uncontrolled proliferation, delayed wound heal-
ing, and inflammation at the lesion site. Due to its excep-
tional structural properties, carbon enhances the mechani-
cal strength of materials and makes them able to withstand
harsher conditions, both inside and outside the body. In addi-
tion, it has the ability to increase the material inertness and
corrosion resistance of medical implants which reduces the
material ion leaching and prevents the initiation of foreign
body object reactions to the body; thus, reducing the chances
of implant failure. Despite the availability of suitable mate-
rial and other conditions, implants fail due to the selection of



1183

Carbon Letters (2023) 33:1171-1188

SWY 9Y) UT SSAI)S [eNPISAI pue 9AISSaIdwiod
JO 90UQ)SIX9 pue ‘sased 9AI1s0[dxd pue 910} JO 90ud)SIX ‘Juawdinba Js00-yS1y

Pasn oq ued [erIeyew orueSIour
Apsow ‘s1osioaid jo £101%0) Jo Aiqissod ‘armjeradwa) Y3y jo juswarmboy

own
Suresuue jo juowarmbar ‘Take] Suneods uryy jo uononpoid ‘oyer uonrsodap mo

1aAe[ Suneos snoydiowe ue pue
sadeys JnoyyIp sseooid 03 9[qeun ‘poyow dAIsuadxa ‘ssooord Funeod AYYIua|

anbruyo9) 1y3Is jo aur| pue ‘paxrnbar ojdwres jo jusunean-aid ‘sseooid Apso)

dnoyew uonnjos saxmbar pue woysAs d jueisuod e spaau ‘ssadoid Junye) swir],

(eSuer wux ur ) SSAUWOIY) Y31y 03 anp Suneood I[iSeIy pue ‘(309
93pam) wonoq 03 doj woiy Area ued ssauOIY) Wiy ‘sarnjeradwo) Juriyurs Y3y

Q0BJINS [BJOW PUE WY
dyH jo Surpuoq Jood pue ‘uonewrioj surerd ‘sajeniur sarmeraduwo) Jurssaoord
1oy31y ‘yuowrdmba aarsuadxe ‘Kyruuiojrun s109f9 Jey) seyemony Aysusp wy dyy

Surneoos snoydiowre ur jnsar Aew U009
pides ‘armerodwe) Y3y 03 anp uonisodwodsp Funeod ‘eare pasodxa sjeod A[uQ

sormjeraduwe) Surrojurs ySiy pue Suneods ur sYoeI)
oniSey are s3uneod pue eare pasodxa s1eod A[UO

J1oydsounje pa[jonuod  ul passadoid aq pinoys

s1081n031d e pasn oq Ued
[eLI9JRW OruESIOUl pue JIUe3Io Yjoq pue ‘armeraduwa) moj ‘9jel uonisodop y3rHg

own awres Je [errerewr Jo uonisodap o)
‘10| Suneod o1y} jo uononpoid ‘jer uonisodop Y31y IY3Is Jo auI] AY) PIOAY

s1onpoid-Aq pue s10s1noa1d d1X0} JO 90UIsqe
9} JO asneoaq IAJes ST pue s10s1oa1d Teroads Jo aSesn oy a1nbar jou sooq

90BJINs TeIOW
pue wiy dyH jo Surpuoq poos ‘sajensqns jey 10 1soq ‘10Ae[ Suneod dy YoryJ,

Sureod ULIOJIUN PUB POYIOUW J[IESIIA
sadeys xordwos ‘passaoord Aqrses ‘arnjeroduwa) uonovaI MO
sarensqns snotod ¢ xo[dwod jeos ‘Appomnb parjdde s3uneos ‘oarsuadxaug

s3uneod Jeke[nnua
10§ so10d PajoeuUO0dIAUT ‘ToAe] SUTIBOD YIOOWS ‘TUIIL0d ISey ‘$50001d 1509-M0T

soyer uonisodap Y3y

sojensqns
snorod (I¢ xo[dwod s3e0d ‘Sureod Jo sSouUNOIY} wrIojIun ‘sayer uonrsodop YSIH

deoyo A[oane[ar ‘sojensqns Jefj Uo SSaUONy) Suneoo wiIoyru

(wr 1 >) sSuneoos uny K194 ‘deayo
AreAnerar ‘sarjeradure) Surssadoid mof ‘sojensqns snoiod xordwods (¢ sjeo)

uonisodap 1odea
[eSTWAYO PISURYUD BWISR[]

uonisodop Jodea [eorwray)
uonisodap 1odea Ted1sAyq
3uneoos ronndg

uonisodop
I9se[ pas[ng

Suneoo
onjowIW-0Ig

Suneoo diq

Surkexds ewse[q

Surkeids [ewroy ],

uonisodaq
onaloydonoasg

uonisodap o1eISoNdg

poyjeur [95—[0S

sagejueApesI(q

sagejueApy

poyouwr uonisoda

sanbruyo9) Suneod JUSIYIP JO SITeIUBAPESIP PUR SOSBIUBAPY T d|qeL

pringer

a's



1184

Carbon Letters (2023) 33:1171-1188

inappropriate coating techniques; therefore, the selection of
a suitable coating process is important for the development
of a successful implant. Physical and chemical vapor depo-
sition techniques are considered appropriate for the coating
of carbon materials due to their ease, cost-effectiveness, and
efficiency. There are many other techniques that are suitable
for coating medical implants like laser deposition and ther-
mal sprays; however, each technique is associated with some
limitations and drawbacks which effect the performance of
medical devices. In a nutshell, the selection of appropri-
ate carbon allotrope, carbon nanostructure, and coating
technique are important factors that ultimately improve the
hemocompatibility, biocompatibility, mechanical strength,
and corrosion resistance of biomedical implants.
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