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Abstract
Implants are frequently administered devices to provide mechanical support to restore the function of diseased tissues 
and supports the natural healing process. The new concept of coated implants come to exist after 1980s to overcome 
the limitations related to prosthetic failures. The hurdles such as corrosion, infection and lack of bone integration of 
implant are the primary culprits for the failures. The present review provides a deep insight about the carbon nano-
materials (CBNs) as potential candidates for implant coatings. Additionally, the document highlights the limitations of 
pristine materials and discusses the different modalities to resolve the issues. The unique structural, thermal, mechani-
cal and electrical properties of CBNs have been presented in detail to understand the significant utilization of CBNs in 
biomedical sciences and technology. The review may provide an opportunity for researches to develop novel materials 
for futuristic applications.

Keywords  Carbon nanomaterials · Orthopaedic implant · Coatings · Osteoconductive · Antibacterial · Corrosion 
resistance

1  Introduction

Joint replacement is major surgical intervention to treat 
the severe damage of articular surfaces, due to cancer 
deformities of musculoskeletal tissues and distortions by 
various mechanical interferences. The procedure involves 
the replacement of total joint or part of joint by the pros-
thesis. The most common articular damage is osteoar-
thritis and it is mainly characterized by the degradation 
of bone, pain and deformity [128]. The first successful 
joint replacement attempt is recorded in 1948 at New York 
orthopedic hospital. About 2.2 million bone surgeries are 
taken place every year to get rid of the condition [81]. The 
articular joint prosthesis is a device, which restores the 
function of the joint by providing mechanical support or 
complete replacement of skeletal tissue. Generally, the 

devices are made up of metals, ceramics, plastics/poly-
mers and composites. Traditionally, various metals have 
been practiced in healthcare particularly on orthopaedics, 
such as lead, silver, aluminum, iron, copper and zinc etc. 
Despite their adverse effects towards the biological sys-
tem, due to lack of technology advancement. In modern 
medical technology, several bio-friendly materials/metals 
are successfully employed in complex surgeries. The met-
als like stainless steel, zirconium, titanium and their alloys 
are largely used in orthopaedics, since the late 1930s [33]. 
Predominantly, stainless steel, cobalt chrome alloy, tita-
nium and their alloys are mostly utilized for musculoskel-
etal applications, due to their good biocompatibility, high 
corrosion resistance, extraordinary mechanical strength 
and low cost [93].
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Regardless of the great progress of medical implants 
technology and it is suffered from a set of limitations to 
restrict the success rate up to some extent. Frequent issues 
related to orthopedic implants like corrosion, loosening 
of the device; due to poor mechanical strength, infection, 
non- integration of implant with host tissue and wearing 
are the prime factors of concerns [19, 31, 87]. The far most 
characteristic of an orthopedic implant is integration to 
host tissue to boost the success rate by resisting the col-
ony formation of microbes and corrosion [23].

Infections of fracture-fixation devices involve complex 
treatment with a 6-week course of systemic antibiotics and 
it requires less time interval (15 days) for superficial infec-
tions [114]. In many cases, the infections lead to the failure 
of the prosthesis and require the revision of surgery [22]. 
The coating on the implant is come to exist to avoid the 
infection [101] and corrosion related failures; further, the 
bioactive coatings largely enhance the integration to the 
host tissues [34].

The coating is a specific material cover on the surface of 
the implant system with predefined thickness. In general, 
the objective of the coating is to protect the implant from 
corrosion, infection, friction, promote the osteoconduc-
tivity and osseointegration. Interaction at the interface of 
the implant and surrounding tissue is a key factor in the 
success of implant and where coating plays a vital role. 
The ideal properties of coating material is non-toxic, non-
carcinogenic, non-immunogenic and non-thrombogenic 
[5] and it is very difficult to find all ideal characteristics in a 
single coating material/formulation. Coatings in dentistry 
have been reported since 1970’s but orthopedics follows 
the footsteps quite late in the 1980’s. First coated implan-
tation is taken place at St Thomas Hospital in London in 
1981 [106].

Design of coating material is challenging research 
and it has to full fill certain measures. Firstly, it should be 
biocompatible and non-immunogenic; second, it must 
have sufficient mechanical strength and should form a 
mechanical bond to the host tissue to withstand, when 
functional stress occurs. Third, it has to be osteoconductive 
to promote the integration of the host tissue and it should 
possess osteoinductive to differentiation of recruited stem 
cells into osteogenic cells from surrounding tissues. Finally, 
the coating material should hold an antimicrobial activ-
ity to avoid the failure of implant system by post-surgery 
infection. None of the current commercial implants or 
coatings possess all required properties [128]. Therefore, 
there is a need for further research on biological coatings, 
which fulfill the maximum benchmarks and improves the 
life of the implant.

Adequate research is available on orthopedic coat-
ing material such as Hydroxyapatite (HA) [29, 42, 73, 
120]. HA attracts more to the researchers as its chemical 

composition similar to natural bone. Moreover, HA is 
highly biocompatibility and osteoconductive, hence it is 
quite suitable for orthopedic applications. Collagen and 
collagen-based composites are used mostly in regenera-
tive medicine but poor mechanical properties limit their 
usefulness in hard tissue applications [14, 38, 52, 56, 64]. 
Bioglass [12, 70, 84, 92] is an attractive alternative, since, it 
promotes proliferation of bone tissue much faster as com-
pared to healing occur in autogenously bone graft and 
HA [69]. Furthermore, it has been well documented that 
the bioglass stimulates the angiogenesis and offer anti-
bacterial effect [121]. Despite, its benefits, bioactive glass 
is still in limited usage by its high elastic modulus. Poly-
mers [78] are used for coatings, such as polycaprolactone 
(PCL) [48, 117], poly-D L lactide [27, 119], polyurethane 
[126], polyaniline and polyimide, which shows high anti-
corrosive and good cell differentiation properties. Apart 
from composites of synthetic polymers, the composites 
of natural polymer like cellulose, starch and acetate with 
HA were well demonstrated for enhanced osseointegra-
tion [74, 88, 89, 116]. Antibacterial and osteoconductive 
drug molecules are also used for various coatings [96, 111]. 
Particularly, drugs like simvastatin are used to enhance 
cell growth and callus formation, whereas antibiotics like 
gentamicin and ciprofloxacin are used to inhibit post-sur-
gical infections [96]. The key role of the coating to provide 
control release of the drug, else it leads to drug-related 
toxicity from uncontrolled release [51, 119]. In alternative, 
growth factors such as Bone-Morphogenetic Protein (BMP-
2), Platelet-derived Growth Factor (PDGF), Transforming 
growth factor (TGF) and Vascular Endothelial Growth Fac-
tor (VEGF) are generally administrated through polymers 
to enhancing the bioactivity of the coating, however, these 
limits by uncontrolled growth of tissues and high cost [51, 
75].

The contemporary researchers are trying to avoid all 
adverse effects of implants by adopting nanotechnology 
and explore new-engineered materials of a natural source. 
Carbon is an extraordinary material for various applica-
tions and it is available in various forms with a range of 
properties. It has been being used extensively in aero-
space, electrical, electronics and energy generation appli-
cations, but limited in biology. Carbon is discovered in 
prehistory and has been known since the ancient period. 
Naturally occurred carbon source such as amorphous car-
bon, graphite and diamonds are in allotropic in nature. 
Engineered carbon structures like nanotubes (CNT) and 
fullerenes are also in allotropic of carbons. Sumio ljima 
et al. reported fiber form of carbon structure in 1991, 
known as CNT and it possesses significant mechanical, 
thermal and electrical properties [39]. Whereas, fullerene 
is much stable carbon structure, since its graphite-like 
bonds [24]. The sheet-like graphene is single layer carbon 
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source and it is the building block of all allotropes, when 
it is stacked to 3D it forms 3D graphite, rolled to form 1D 
CNT and wrapped to form 3D fullerene [3]. Significantly, 
nano-sized carbon sources were well demonstrated in 
augmented properties in various aspects such as mechani-
cal, electrical, thermal and physical properties [2]. The 
enhanced properties of the nano-sized materials come 
from its unique structures and atomic alterations [100]. 
The first study in biomedical on nano-carbon for osteo-
blast differentiation is reported by Webster and co-workers 
in 2002. The study was reported with increased osteoblast 
proliferation, alkaline phosphatase activity, and bone min-
eral deposition on carbon nanofibers than micron-sized 
fibers and titanium implants [124]. Carbon is an impor-
tant material for biological applications by its succeeding 
motives; it improves the level of osseointegration, since, 
hybrid of microscale pits in implant surface and layers 
of sheets or tubes mimic the cellular environment thus 
enhances the rate of integration. It shows excellent anti-
microbial activity: due to its ordered structure and strong 
mechanical properties, CNTs are stronger than steel. Even 
more the graphene is stronger than all carbon derivatives 
including diamond [86]. Though, graphene is the strong-
est material, it is lightest and thinnest material ever found 
[23]. Fullerenes are commonly known as ‘Buckyball’ (C60). It 
is a spherical cage-like structure which is made up of sixty 
sp2 carbons and discovered in 1985 [54]. Further, it shows 
unique electronic properties from its stemming symmetri-
cal structure. Exploring various applications of CBN starts 
with the discovery of C60. Fullerene is not much accepted 
in orthopedics because of the discovery of more practical 
carbon-based materials like CNT and graphene. However, 
it shows anti-HIV activity [9].

Carbon nanotubes are rolled up structures of single 
and multi-sheets of graphene which gives single-walled 
CNTs (SWCNT) and multi-walled CNTs (MWCNT), respec-
tively [61]. CNTs are characterized by a diameter, band gap 
and chiral angle. SWCNT has a diameter in the range of 
0.5–1.5 nm and MWCNTs have a diameter ≥ 100 nm [45]. 
CNTs have a high aspect ratio (length:diameter), approxi-
mately 132,000,000:1 [23]. About 15 years ago, Thomson 
et al. cultured mouse fibroblast on tissue culture plates 
coated with carbon. They found that, no adverse effect on 
cells at a moderate dose and thereafter they investigate 
the merits as a coating for biomedical use [112]. CNTs are 
highly useful for biomedical applications, since its prop-
erties such as good biocompatibility, high electrical con-
duction, mechanical and surface properties [15, 79]. They 
show excellent packing density and ability to deposit uni-
formly on a metal substrate [61]. The production capacity 
of CNT is continuously growing every year to an exponen-
tial degree and decreases price to use the CNTs in various 
applications [18]. CNTs are well established in various fields 

like electronics (to increase the conductivity of electrodes 
in lead-acid batteries), [30] used as fillers in various matri-
ces especially in the polymer to improve the mechanical 
property [62], energy storage devices [99] and biomedical 
applications [18]. Figure 1 represents the structures of vari-
ous carbon materials.

However, some challenges limit the use of CNTs in real-
world applications. Primarily, the cytotoxicity is the major 
hurdle, due to residual impurities during synthesis [61]. 
Impurities like amorphous carbon, residuals of catalytic 
particles are highly disturbed the living environment. Even 
more, the purification strategies also introduce cytotoxic 
substances in certain cases (e.g. sodium dodecyl sulfate) 
[46]. Kaiser et  al. have identified high oxidative stress 
generated when CNTs interact with cells and initiates 
the oxidative stress-responsive pathway, which releases 
pro-inflammatory cytokines such as IL. Most of the in vivo 
studies reveal that, a high concentration of CNT causes 
changes in cell and tissue morphology [4, 118]. Beside, 
CNT causes acute toxicity [45]. Therefore, proper modifica-
tion or alteration of pristine materials are highly necessary 
to reduce the adverse effects in biological use.

As mentioned, CNTs toxicity is mainly caused by syn-
thesis residues such as heavy metals like nickel, cobalt, 
nickel-aluminum alloy [58]. Alternatively, graphene can be 
synthesized in relatively pure form and thereby decreases 
the risk of toxicity [68]. Graphene was first isolated by 
Novoselov and Geim in 2004 and it is a one-atom thin 
sheet of carbons and arranged in a 2D honeycomb-like 
structure [25]. The aromatic structure of graphene contains 
a crowd of free π-electrons and presence at each atom. The 
unique structural features of graphene possesses, excel-
lent properties like large specific surface area, high Young’s 
modulus (1TPa), high electron mobility, and high thermal 
conductivity and impermeability to gases [28]. Geim and 
Novoselov reported a simple method for the extraction 
of graphene from graphite via chemical exfoliation and 
research on graphene is still in an infancy stage particu-
larly for the biomedical application [9].

Graphene oxide (GO) is an oxidized derivative of gra-
phene. GO has a number of reactive oxygen functional 
group like epoxy, carboxylic and hydroxylic group [16]. 
Because of its derivatization GO become more biocom-
patible, hydrophilic in character and interacts easily with 
protein via covalent, hydrogen and electrostatic bond-
ing [28]. The GO is more suitable for medical application 
than graphene, since its low toxicity, better dispersion in 
an aqueous medium, the presence of a large number of 
functional groups enables it react with various substrates 
and GO has a wide range of physical properties than pris-
tine graphene [9].

Another pure form of carbon is Nano-diamond. It is 
well known for its anti-corrosive, anti-wear properties 
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and significantly it is more bio-compatible than CNT and 
fullerenes [102]. Nano-diamond has also exhibited excel-
lent osteogenesis feature [94]. Figure 2 shows the various 
applications of CBNs in orthopedic implant coatings.

Hamed et al. reported a study on morphological change 
and its effect on mechanical properties of graphite carbon 
nanoparticles (GCNs) embedded epoxy resin composite. 
The study was carried out with variable concentrations of 

GCNs from 1 to 5 wt% in epoxy resin. The team reported 
that relatively short and agglomerated morphology in 
5 wt% as compared to 2 wt%. Interestingly the 2 wt% 
composite was shown enhanced hardness (12.5%) and 
modulus (8%) as compared to the pristine epoxy, while 
the 5 wt% composite shows nearly same properties as 
pristine epoxy. The same trend was reported in tensile 
and compressive properties for 2 and 5 wt% composites. 

Fig. 1   The illustration shows the structures of A graphene, B bucky ball C, D lateral and frontal view of single-walled, respectively, E multi-
wall CNT and F diamond

Fig. 2   Application of the CBNs 
as a coating material for ortho-
pedic implants to enhance 
osseointegration, better 
cellular activity, antibacterial 
activity and resists the corro-
sion of the implant
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The suggested reason is stress concentration is higher in 
an epoxy matrix surrounded by a rod-shaped particle as 
opposed to round or elliptical particles and stress concen-
tration effect rising from 1 to 5 wt% composites. Therefore 
the concentration optimization of CBN is a key parameter 
to achieve enhanced properties in coating technology 
[82].

2 � CBNs as orthopaedic coatings

2.1 � Osteoconductive coatings

From last decade, CBNs are greatly exploring in the bio-
medical arena, due to its significant characters and keenly 
monitoring its toxicity. CNT accelerates the precipitation 
of calcium phosphate (CaP), due to the presence of more 
nucleation centers for crystal nucleation and growth [126]. 
The phenomenon is known for, when bone is subjected 
stress, it generates an electrical signal to bone remodeling 
thereby regulates the bone regeneration and bone heal-
ing [41, 77, 104]. Therefore, CNT contained scaffold can 
be used for stimulating the cell growth and tissue regen-
eration by facilitating the physioelectrical signal transfer 
as CNTs are good electric and thermal conductor [61]. 
Further, to fasten the bone healing and to improve the 

surface bioactivity Ning CAO reinforces the CNT in HA and 
enhanced osteoconductive was observed against pristine 
carbon fibers. The study was carried out in goat model for 
18 months, calcium and phosphorus ions leached from 
HA to provide suitable biological mineralization which 
accelerates the osteoblast differentiation and collagen 
synthesis.

The CNT reinforced coatings are promising materials 
for a high load-bearing orthopedic applications such as 
hip, knee and shoulder joints as they provide mechani-
cal strength and nurture the precipitation of HA. Sharma 
et  al. developed PMMA bone cement reinforced with 
amine functionalized GO. The in vivo studies in rabbit 
model shows enhanced osseointegration in NH2 func-
tionalized graphene as compared to pristine PMMA 
[105]. Figure 3a–d shows the X-ray images of rabbit tibia 
implanted with bone cement and hybrid of bone cement-
amine functionalized graphene at zero and twentieth day 
of post-surgery.

Several polymers are well bioactive but inferior in 
mechanical properties limit its use in tissue engineering. 
X. Shi. et al. fabricated on SWCNT reinforced poly (pro-
pylene fumarate) (PPF) nanocomposite. Significantly, the 
functionalized CNTs are shown improved dispersion in PPF 
over pristine CNTs [107]. Titanium (Ti) is commonly used 
implant material for dental applications because of its 

Fig. 3   X-ray images of rabbit 
tibia implanted with pristine 
bone cement and hybrid of 
bone cement-amine function-
alized graphene. A, B show the 
cavity filled with pristine bone 
cement and bone cement 
hybrid at zero days, respec-
tively and C, D represents the 
twentieth day of post-surgery. 
Fluorescent images of human 
osteoblast cells incubated for 
48 h in E graphene, F SiO2 sub-
strate (actin filaments appear 
in green color and nuclei is in 
blue). Osteoblasts are homoge-
neously spreader with high 
density in graphene, whereas 
low density with island-like 
clumps are observed in SiO2 
substrate after a 48 h incuba-
tion
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biocompatibility and high Young’s modulus [17]. Various 
surface modification (e.g. apatite coat, anodization) were 
employed over titanium to achieve early integration of 
bone tissues. Saori Inoue and co-workers investigated on 
the MWCNT based coating on anodized titanium implant. 
The Human osteosarcoma cells (SaOS2) are cultured with 
CNT-Ti disks and reported high proliferation rate as com-
pared to HA. Even more, the DNA content of cells on CNT-Ti 
is significantly higher than simple HA coating after 7 days 
of incubation. Furthermore, enhanced bone contact ratio 
with CNT-Ti against HA is reported in an animal model [40].

The 3D graphene foam provides a suitable environ-
ment to hMSC cells for better attachment, proliferation 
and osteoconductivity [13]. Kalbacova et al. investigated 
cellular activities simultaneously on graphene and silicon 
dioxide. The results show enhanced cell adhesion and pro-
liferation in graphene then silicon dioxide and qualitative 
information is presented in Fig. 3e, f [28, 46]. Focal adhe-
sions (FA) are large protein complexes helps in transmis-
sion of mechanical force and regulatory signals between 
the extracellular matrix (ECM) and an interacting cell. Kim 
et al. suggested that the unique structure of the GO film 
promotes the formation of HA [53]. The study of Misra and 
research group was revealed that, the higher surface area 
of graphene and its ripples and wrinkles like morphol-
ogy is largely promoted the cell adhesion and prolifera-
tion [76]. Similarly, Murugan et al. developed a bioactive 

coating of PCL reinforced with HA and GO and the coated 
Ti alloy implant was examined in a rabbit model. Figure 4a 
shows the surface morphology (SEM) of the coating. Inter-
estingly, the coating shows better antibacterial activity 
(Fig. 4b) and induces rapid bone formation as compared 
to pristine HA-PCL coated implant (Fig. 4c) [80].

In similar fashion Suo et al. developed a composite 
coating of chitosan with GO and HA. Electrophoretic 
deposition technique was employed to coat the compos-
ite on Ti implant. The in vitro study reveals the enhanced 
osteogenic activity and in vivo examination in rat model 
shows improved bone regeneration. Figure 5a, b shows 
the micro-CT and histopathological examination of rat 
tibia. The study was concluded that GO reinforced com-
posite has extensively enhanced the bone formation (a4), 
thereby higher mineralization (b4) as compared to pristine 
HA cation (a1 and b1), GO–HA (a2 and b2) and chitosan 
(a3 and b3) [109].

Paula and co-workers extensively worked on poly 
(l-lactic acid) (PLLA) applications in medicine, since, its 
biocompatibility and biodegradability. Use of such mate-
rials eliminates the need for further surgery as they got 
degraded and eliminated from the body, but the limitation 
of PLLA involves lack of mechanical strength and osteo-
conductivity. Therefore, Paula et al. used HA and GO as 
filler material in PLLA and results suggest that PLLA/HA/
GO nanocomposite has shown improved mechanical and 

Fig. 4   A SEM images of HA–GO–PCL composite coated Ti alloy 
implant B Antibacterial activity of HA–GO–PCL coating shows zone 
of inhibition against S. aureus and E.coli C In-vivo histological analy-

sis of bone formation without GO reinforcement in HA-PCL com-
posite at day 14(c1) and day 28(c2) with GO of HA–PCL composite 
on day 14 and 28 presented in c3 and c4, respectively
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osteoconduction properties with the addition of 1% (w/w) 
of GO [72]. Wan and Chen are investigated the mechani-
cal properties and bioactivity of nanofibers from GO rein-
forced poly (ε-caprolactone) (PCL). Nanofibrous GO/PCL 
composite is prepared by electrospinning method. The 
study shows that the presence of 0.3% wt. GO is increased 
tensile strength, Young’s modulus and energy at break 
of PCL composite membrane by 95%, 66% and 416%, 
respectively. Bioactivity is also improved and porosity is 
maintained over 94% [117]. Graphene is a very excellent 
reinforcing component for composite formation. Kim 
et al. reinforced the graphene and GO into calcium car-
bonate crystals. GO/graphene-CaCO3 hybrid was exhibited 
enhanced apatite (HA) formation in simulated body fluid 
over the pristine graphene and GO. In vitro studies sug-
gest that graphene/GO–HA composite enhance the pro-
liferation of osteoblasts [53]. Recently, Li et al. reported an 
in vivo study for enhanced osteoconductivity for graphene 
coated implant in a rabbit model. The study reveals that 
rapid bone formation in GO coated implant as compared 
to pristine Ti implant. Moreover, the GO coated implant 
inhibits the fibrous scar formation. Figure 6a shows the 
histopathological analysis at different time intervals, 
Fig. 6b explains the mineral deposition and 6C presents 
the X-ray imaging for qualitative analysis for bone healing 
[60]. Table 1 shows some effective formulations for osteo-
conductive coatings for various biomedical applications. 

Reduced graphene oxide (rGO) obtained by various 
methods of UV, thermal and chemical treatment of GO 
under the reducing condition with reducing agents like 

hydrazine [28]. Izumi and co-workers have done a com-
parative study of the bioactivity of GO and rGO. GO and 
rGO are coated onto collagen scaffold, implanted into 
rats back and characterized by SEM. DNA content and 
cell ingrowths of the implanted scaffold are measured 
after 10 days of surgery. The compressive strength of 
GO and rGO coated collagen scaffold is increased by 1.7 
fold and 2.7 fold greater than the non-coated scaffold. 
Tissue growth rate is 39% in rGO and 20% in GO coated 
scaffolds. Result clearly indicates that rGO is more bio-
active than GO [49]. rGO–HA composite is found to be 
enhanced mechanical property along with the improved 
proliferation and alkaline phosphatase (ALP) activity of 
human osteoblastic cells. HA-rGO nanocomposite is syn-
thesized by liquid precipitation method [68]. In these 
way various carbon forms play a role as osteoconductive 
and hence recently researcher attracted more towards 
carbon nanomaterials for biomedical applications.

Another potent carbon contender for osteoconduc-
tive coatings is nano-diamond. The Recent in vivo study 
has been confirmed that, the nano-crystalline diamond 
(NCD) promotes intense bone growth, than micro-
crystalline after 4 and 8 weeks. The nano-diamond also 
possess antioxidant, anti-inflammatory, anticancer and 
anti-allergic properties [124]. Though, a mechanism for 
osteoconductivity is not clear, but it is assumed that the 
osteoblast filopodial extension and cytoskeleton spread-
ing are mechanically affected due to geometry and size 
of the surface features on NCD which lead to elevated 
cell proliferation and differentiation [47].

Fig. 5   A Micro-CT images of a transverse section of rats tibia A1 HA 
coated Ti implant, A2 GO–HA coated implant A3 chitosan coated 
implant A4 GO–chitosan–HA coated implant. B depicts the histo-

pathological images of B1 HA coated Ti implant B2 GO–HA coated 
implant B3 chitosan coated implant B4 GO–chitosan–HA coated 
implant
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2.2 � Antibacterial coatings

Post-surgery infection management is a vital aspect of 
arthroplasty. Sterilization of the implant system and the 
surgical site is minimum criteria to minimize the condition. 
Generally, infections lead to inflammation and more criti-
cally leads to a revision of surgery and some cases it leads 
to patient mortality [7]. Nanomaterials by their particu-
lar ordered structure possess the antimicrobial property. 
However, the general approach is loading of anti-microbial 
drugs on nanomaterials intended for infection resistance. 
Due to large surface area nanomaterial offers enhanced 
drug loading capacity [115]. “Antibacterial activity” of 
material defined as an ability to resist the colonization 
of bacteria [130]. SWCNT has been widely studied for its 
antimicrobial properties and Fig. 7c, d shows SEM images 
of E. coli morphology incubated with and without SWCNT. 
Interestingly, cells are highly intact and maintained 
their membrane structure without SWCNT, whereas the 
destructed membrane structure and loss of integrity was 
observed in SWCNT presence. Pristine CNT produces cell 

lysis and it is essential to make a surface modification with 
the suitable molecule to avoid the condition [50]. Similarly 
Liu et al. studied the antibacterial activity of SWCNT on 
the E.coli and Bacillus subtilis. The study reveals that after 
120 min. complete bacterial cell lysis was taken place 
Fig. 7a, b Shows the AFM images of the bacterial cell [65].

Hybrid CNTs with polymers and different metal ions 
(e.g. Copper, Silver) find to be more effective than pris-
tine CNT to inhibit the microbial attachment and colony 
formation [66]. Interestingly, Kang et al. [51] reported 
that SWCNT is more toxic than MWCNT to the bacteria as 
the diameter of CNT plays a major role in anti-bacterial 
activity. S. Liu and co-workers studied the effect of pris-
tine SWCNT dispersion in media. The homogeneously 
dispersed CNTs have shown greater antibacterial activity 
than in aggregate form and the effect is examined by 
colony formation count and viability assay method. Fur-
thermore, the study reveals that the dispersed SWCNT 
shows higher antibacterial property towards gram-pos-
itive bacteria than gram-negative [66]. However, purifi-
cation process of CNT is very tedious and the residual 

Fig. 6   A Hard tissue histological analysis by Van Gieson (VG) stain-
ing, group 1 represents the animal with GO coated Ti implant and 
group-2 for pristine Ti implant after 4, 12 and 24 weeks of implanta-
tion. The red color represents the newly formed bone, black indi-

cates implant and blue is for fibrous scar formation. B Quantitative 
analysis of the mineral deposition in (pink bar) implant without the 
coating and (blue bar) with GO coating. C X-ray image of the surgi-
cal site reveals better healing in GO coated implant
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fragments are primarily responsible for cell toxicity. 
Therefore, research focuses more on functionalization 
or surface medication to reduce the toxicity of pristine 
CNTs. From the bingeing, silver (Ag) is well established 
for its anti-bacterial applications. The action comes from 
its strong interaction with protein sulfhydryl group, 
which founds in cell wall and cytoplasm thereby affects 
the metabolic activity [22]. M. Prodana and co-workers 
enhance the anti-microbial activity of functionalized 
MWCNT by using silver nanoparticle. Silver nanoparticles 
are attached to the surface of functionalized MWCNT 
(MWCNT-COOAg) by simple electrostatic adsorption. 
The result shows that CNT enhances percentage inhibi-
tion of E. Coli growth from 19 to 34% and it is better than 
a pristine silver nanoparticle. Further, MWCNT-COOAg 
enhances the percentage inhibition from 34 to 68% [95]. 
A similar study was reported by Aping Niu and group, 
in which CNTs are wrapped with silver nanoparticles. 
The research shows that, CBN exhibit good antibacte-
rial property against E-coli and inhibits bacterial growth 
higher than 0.5% [83]. Copper (Cu) is ranked second after 
Ag in terms of antibacterial property and it is stable and 
non-toxic in a physiological environment. Pandey et al. 
[90] reported that CNT with ceria and silver nanoparticle 
incorporated HA coating on the Ti-implant enhances the 
cell adhesion as well as significantly inhibit the growth of 
E-coli. The most common infection at the site of implant 
prosthesis is Staphylococcus epidermidis. Hirschfeld 
et al. [35] demonstrated MW-CNT impregnated with the 

rifampicin coated on the TiAl6V4 implant study reveals 
that the MW-CNT coated implant synergistically inhibit 
the biofilm formation as well as it helps in controlling the 
release pattern of rifampicin. Liu et al. [67] reported that 
Cu coated CNT has higher antibacterial activity than the 
Cu coated pyrolytic carbon and the suggested reason is 
CNT offers a higher surface area for Cu deposition than 
pyrolytic carbon. Wenbing Hu et al. synthesized anti-
bacterial GO sheet by modified Hummer method with 
low cytotoxicity than CNT. GO demonstrates the excel-
lent antibacterial activity and significantly suppressed 
the viability of E-coli up to 98.5%. Reduced graphene 
oxide is also showed antibacterial activity and decreases 
the metabolic activity of E-coli about 24% [36]. Ghosh 
et al. synthesized a GO-Para Amino Benzoic Acid (PABA) 
nanosheets by modified chemical exfoliation of graphite. 
The GO-PABA-Tetracycline hybrid nanosheet shows good 
biocompatibility, high drug loading efficiency and good 
antibacterial activity [26]. Pandey et al. rise the antibac-
terial effect of graphene nanosheet by loading of gen-
tamicin sulfate. The study has revealed that graphene is 
a good matrix to achieve controlled release and diffusion 
dominated release mechanism [91].

Hydrogenated diamond-like carbon (DLC) contains the 
mixture of Graphite and Diamond. It attracts the scien-
tist because of a wide range of structural variation. The 
study is carried out on pure DLC, metal doped DLC and 
carbide doped DLC by various scientists. The studies have 
been revealed that the increased copper content in DLC 

Table 1   Various carbon forms and their major composite used in osteoconductive coating

Class Example Key finding References

Carbon-based nanomaterials CBN) CNT + HA Apatite formation depends on –COOH group attached to CNT [81, 131]
CNT + HA + TiO2 Enhances pre-osteoblast formation and proliferation [43, 127]
CNT + Anodized Ti DNA quantification shows higher cell count in CNT + Ano-

dized Ti than simple Ti coating
[40]

CNT + Chitosan Scaffold shows good biocompatibility and remarkable osteo-
blast terminal differentiation(7 days)

[20, 81, 123]

CNT + PCL + nAg The composite shows synergistic effect on both antibacterial 
and conductivity

[55, 103]

Graphene Uniform layer of osteoblasts are formed after 48 h incubation [13, 28, 46, 91]
Graphene + Ag Well established for antibacterial and Osteoconductivity [44, 83]
Graphene + GO + CaCO3 GO/Graphene–CaCO3 composite intensifies the formation of 

HA, compared to bare GO or graphene
[53]

GO + HA + PLA 30% w/w HA and 1% GO shows high mechanical strength 
and osteoblast differentiation

[72]

GO + PCL/PLGA PCL and PLGA nanofiber membrane provide strong, porous 
and bioactivity

[59, 117]

GO + Collagen Higher tissue growth in collagen coating than non-coated 
scaffold but less than rGO-collagen

[49]

rGO + Collagen Calcium adsorption and alkaline phosphatase activity 
enhanced due to presence of rGO

[49]

rGO + HA Enhanced mechanical properties and in-vitro cell activity [37, 68, 85]
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enhances the antibacterial activity against E. coli and con-
cludes that DLC films are highly suitable for protective 
material in biomedical field [10].

2.3 � Anticorrosive coatings

Corrosion is a crucial problem associated with metallic 
implants and it is characterized by oxidization of metal 
surfaces by chemical or electrochemical interactions. CBN 
has many remarkable properties as being chemically inert 
and they can be used as anticorrosive coatings in biomedi-
cal applications. The suggested mechanism is that, CNT 
act as physical barrier for chemical interaction by filling 
inside the crevices, gaps and holes on the surface of Nickel 
(Ni) [12]. Corrosive resentence was increased, when the 
implant is coated with layer by layer technique then bulk 

coating. The well-dispersed CNT in Ni is coated on steel 
and demonstrated high corrosive resistance. Besides, 
the Ni-CNT composite shows good antibacterial activity 
as well [12]. One interesting study was reported on Ni/P/
SWCNT composite for corrosive resistance coatings and 
corrosion behavior is evaluated by polarization curves 
in 0.1 M NaCl solution. The Ni/P/CNT composite shows 
higher corrosion resistance than Ni/P composite by pro-
viding more uniform coating [125]. Magnesium is one of 
the lightest metal but it is more prone to corrosive in bio-
logical environment. M. Endo incorporates the MWCNT 
as filler in magnesium alloy matrix and the hybrid is well 
demonstrated for corrosion resistance as compared to the 
magnesium alloy. The matrix of organic (trialkoxysilane 
and polymethyl methacrylate) and inorganic (Al2O3, ZrO2 
and SiO2) nanocomposite with CNT fillers are prepared by 

Fig. 7   AFM images of the A E. coli A1 untreated cell A2 SWCNT 
treatment after 10 min. A3 after 60 min. A4 after 120 min complete 
cell lysis B Bacillus subtilis B1 untreated cell B2 the cell after 10 min 

of treatment B2 cells after 60 min and B4 the cell after 120 min. C 
SEM images of the E. coli C1 incubated without SWCNT for 60 min. 
C2 Incubated with SWCNT
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various physical and chemical methods and reported as 
coating materials. Both phases interact by weak intermo-
lecular forces or by a covalent bond in some cases. XPS and 
TG study show that stability of hybrid network increases 
due to CNT and thereby showed superior performance in 
acidic media [32]. Show et al. fabricated a composite film 
of CNT reinforced in polytetrafluoroethylene. The hybrid 
has demonstrated with high electrical conductivity and 
corrosion resistance [108]. Kumar et al. observed the syn-
ergistic effect of two nanofillers (CNT and Ag nanoparticle) 
in the PCL matrix. The study reveals that, PCL-MWNT-nAg 
nanocomposite improves antibacterial activity, electrical 
conductivity and resistance to corrosion [55].

Graphene is well proved anticorrosive material since 
its high inertness [113]. Raman et al. studied the corro-
sive properties of graphene coated Cu film in the pres-
ence of a very aggressive electrolyte. The film increases 
impedance significantly and reduced anodic and cathodic 
current density and thereby protect the metal film from 
corrosion [98]. A similar study was carried out by Feng 
Zhou et al. for a longer time at ambient conditions. Here 
they reported that the graphene coating can accelerate 
long-term oxidation of copper [130]. Zang et al. prepared 
a graphene-epoxy hybrid coating and investigated by 
electrochemical measurement. The study shows a far 
lower erosion in the hybrid coating (0.3 mm/yr) than neat 
epoxy resin (1.3 mm/year). Thus, graphene approach not 
only improves the erosion resistance but also shows high 
mechanical and thermal properties against pristine epoxy 
coating [129]. Chang et al. prepared an electroactive poly-
imide (PI) and graphene nanocomposite (PGN) coating by 
thermal imidization method. The redox behavior of PGN 
material is examined by in situ cyclic voltammetry (CV) 
and the study found that EPGN matrix shows enhanced 
oxygen barrier property [11]. Reduced graphene oxide is 
covalently attached over silicon wafers and the coating 
offers excellent corrosive and wear resistance [85].

Nitinol has superplastic property and shape memory 
effect but the toxicity limits its use in health care. Branzoi 
et al. developed a surface modification method for nitinol 
to improve its corrosion resistance and biocompatibility. 
The diamond-like carbon (DLC) has coted over the alloy 
by magnetron sputtering method. The coating shows 
improved corrosion resistance and surface hardness. 
Hence, nitinol with DLC may be a potential candidate for 
anticorrosive coatings for medical applications [6].

The advanced properties of CBNs like biocompatibility, 
osteoconductivity, high mechanical properties, chemi-
cal stability, good thermal conductivity and antibacterial 
activity pit them as a better alternative for coating tech-
nology in regenerative medicine. Moreover, high electron 
density and high volume to surface area of CBN can offer 
ease of manipulation to tune the desired properties by 

various simple methodologies such as functionalization, 
surface modification and doping. Hence, the materials 
have attracted by the researchers in various fields pre-
dominantly, electronics, aerospace, automobile etc. The 
exploration of CBNs are limited in biomedical and they 
can give an opportunity to cultivate cutting-edge inven-
tions for futuristic applications. However, pristine materials 
are well proved in some aspects like mechanical, electrical 
and thermal, but need to establish in biologically. There 
is a huge scope in the area of modification of pristine 
materials to overcome the limited hitches to come as an 
absolute material for medical applications. Another major 
field of exploration is the development of simple synthe-
sis methodologies, particularly for biomedical applications 
the processing residual chemical moieties are primary 
culprits for cytotoxicity. Importantly, graphene is not yet 
fully explored for biomedical applications. Therefore, CBNs 
can give potential opportunities for researchers to novel 
innovations for biomedical applications.

2.4 � Advanced material coating: carbon quantum 
dots

The three-dimensionally confined semiconductor pseudo 
atoms called quantum dots emerge as cutting-edge mate-
rials for next-generation research and applications. The 
quantum dot is nanocrystal with less than 10 nm particle 
size and able to behave like an individual atom. The carbon 
quantum dot possesses size dependent unique optical 
properties and offers low toxicity for medical applications. 
Carbon quantum dots are extensively used in biosensors, 
bioimaging, electronics, drug delivery and Optronics, 
due to its versatile fluorescence and photo luminousness 
properties [59, 63]. Carbon quantum dots not yet explor-
ing much for orthopedic applications. Recently, Jichuan 
Qiu et al. reported the effect of the graphene quantum 
dot on the bone marrow-derived mesenchymal stem cells. 
The study finds that the extensive cell uptake of quantum 
dots along with homogenous cytoplasmic distribution. 
Besides, it up-regulates the phenotypic gens like Runx2, 
osteopontin (OPN), and osteocalcin (OCN) responsible for 
osteogenesis. Figure 8a shows the immunofluorescent 
images of MSCs with the enhanced activity of the OPN 
and OCN with proportionate to the concentration of GO 
quantum dots. Further the study presents quantitatively 
the expression of early phenotypic marker ALP, the gene 
RUNX2 are responsible for osteogenic differentiation. Also 
the study observes the expression of bone extracellular 
matrix proteins OPN and OPL with respect concentra-
tion and the incubation period (Fig. 8b) The study reveals 
that increased expression of the factors with increasing 
incubation time and concentration, except in OPN, where 
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after 10 days of incubation the expression significantly 
decreases [97].

3 � Adverse biological effect of CBN coated 
implants

Although CBN coated material is reported for antibac-
terial, anticorrosive and osteoconductive applications. 
Nonetheless, the CBN coatings are prone to adverse bio-
logical events, when the coating is worn by mechanical 
failure and their toxicity. The structural aspect of CBN 
is highly influenced the biological activity. The nanodi-
mond is well reported for its antibacterial activity, but it 
is also toxic for normal cells, when the ratio of SP3 to SP2 
hybridization decreases [8, 71]. The presence of hydro-
gen atom on the film results in weaken the chemical 
inertness and thus decline the bactericidal activity of 
implant. Similarly, Taeger et al. the clinical performance 
of DLC coated implant. Results suggest that the coated 
implant shows four times more aseptic loosing com-
pared to ceramic coatings. The retrieved implants were 
examined for failure and observed the delamination of 
coating and pitting as shown in Fig. 9 [110]. The study 

suggests that the delamination is occurred due to poor 
adhesion and interaction of the implant (Ti and Co) sur-
face with DLC [1].

As CNT is the most promising material for coatings, 
but the toxicity limits its applications in biomedical 
applications. The toxicological profile of CNT was well 
reviewed by Constantine et  al. The CNT induces the 
oxidative stress and results in DNA damage in organs 
like liver, lungs and spleen [21]. Nevertheless, very little 
information is available on the effect of wear debris of 
CNT. Lahiri et al. carried out wear debris activity of HA-
CNT composite coating. The study divulges that debris 
of HA-CNT composite is not evident for any adverse 
effect on osteoblast, moreover the wear particles show 
normal activation of macrophages [57]. While, the gra-
phene demonstrates diverse toxicological profiles and 
it was well emphasised by Yang et al. The in vitro studies 
suggest the pristine graphene exhibit poor cell penetra-
tion and good biocompatibility. Although some reports 
advocate that graphene shows a negative effect on cell 
via inducing oxidative stress, ROS generation and altera-
tion of expression of key genes and proteins [122]. How-
ever, no productive report was found to understand the 
effect of wear debris and leaching of graphene coated 
implants.

Fig. 8   A Immunofluorescent images of the bone extracellular pro-
tein marker OPN and the OCN expressed in MSCs incubated with 
the different concentration of the graphene quantum dots, Blue 
color depicts the nuclei stained with DAPI and green color repre-

sents the graphene quantum dots. B Quantitative estimation of the 
expression of the different biomarker against concentration and 
time
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4 � Conclusion

The scientific community is reporting extensive work on 
CBN coatings for orthopedic applications. The current review 
introduced deep insight of various applications of CBNs in 
orthopedic coatings, which can also use in other biomedical 
coatings. The document presents the special glimpse on the 
novel carbon material like Carbon quantum dots for hard 
tissue applications. CBN’s offer versatile property like bio-
compatibility, unique surface, electrical, chemical, mechani-
cal and thermal properties of the other advanced materials. 
Hence, CBNs can expect to see a continuous rise in utilization 
in the biomedical field. Mostly, CBNs can be used potentially 
for medical coatings, drug delivery, medical device fabrica-
tion and diagnosis. Graphene and its derivatives still need 
to explore for their exceptional properties, functionalization 
and long-term effects.
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