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4.1 Introduction

The aging population has grown exponentially of recent, particularly in developed
countries. This has led to drastic increases in the usage of implants, to meet the needs
and desires of the aging population to maintain life quality and related activities.
Further, there have been urgent requirements to meet the challenges associated with
vascular therapy, trauma, cardiology, dental, orthopedics, wound care, etc. To address
the different associated challenges, one of the major focal points of the medical com-
munity has been on high-performance implantable biomaterials. The market for bio-
materials has grown from $95 billion in 2011 to $135 billion in the year 2017 (http://
www.marketsandmarkets.com/PressReleases/bio-implants.asp). A rapid surge in the
diversified and improved functionalities of biomaterials has taken place with the
advancements in natural, synthetic, and hybrid materials. Together with the growth
in the different types of biomaterials, there have been rapid advances in processing
techniques of biomaterials, making them suitable to be used as implantable devices
[1-4]. The presence of diversified biomaterials has allowed for selection of suitable
materials that meet particular objectives, as for instance using metals as electrodes
for artificial organs with high electroconductivity, materials for permanent replace-
ment having the characteristics of being chemically inert, or materials with biode-
gradability properties for the cases in which regenerating of lost tissues or restoration
of function is possible [5, 6].

In recent years there has been an intense focus on choosing biomaterials with multi-
functionality. For instance, a temporary material for a scaffold may not only lend itself
to providing physical support to promote tissue regeneration, but may also provide for
other critical biological factors such as fibroblast, morphogenetic protein-2, the growth
factors for endothelial growth, etc. One example exhibiting such multifunctionality is
the magnesium implant [7-10], which has the required tensile strength, fracture resis-
tance, etc. The kinetics of biodegradation can be controlled by the alloying metals as
well as through coatings and emerging mechanical processing for the materials. For
instance, surface modifications such as coatings with polymer thin films and with bio-
active ceramics can provide multifunctionality to the bioinert metals such as Co and
Ti based alloys. Such bioinert materials that are based on Co or Ti are mainly used for
load-bearing applications where properties such as corrosion resistance can provide
enhanced mechanical stability and reliability and minimized local toxicity to the host,
both at the local and systemic levels [11, 12]. The Co and Ti based bioinert materials
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possess excellent tensile strength, fatigue stress, and fracture toughness [13, 14]. The
multifunctionality bioinert materials have found applications in orthopedics as plates,
screws, and artificial joints, as braces and dental implants for orthodontics, as com-
ponents for neurosurgical devices such as staples, artificial hearts, wires, and stents.
In comparison to Co-Cr alloys, the Ti based bioinert materials are the most preferred
alternatives because of favorable combinations of corrosion resistance, biocompatibil-
ity, elastic modulus, strength, and relatively low weight and density [15].

However, a number of challenges are associated with the applications of diversified
implantable materials. One of the challenges is that of controlling the kinetics of bio-
degradation for some metals, such as Mg or Fe, whereby an early degradation can have
an adverse effect on the restoration of the tissue due to loss in mechanical strength. A
risk of developing systemic hypersensitivity reactions due to the long-term presence
of Co-Cr or Ti alloys in the body may also exist. Osteopenia may result due to stress
shielding resulting from modulus differences between these metals and the natural bone
tissue [11]. One of the major risks associated with these implants is that of inflamma-
tion and infection [16—18]. Such associated risks may undermine the efficiency of the
implants and also can lead to loss of tissue in and around the implant [ 19]. The septic or
aseptic loosening in the case of load-bearing implants may lead to incorrect transfer of
force, such as that of biting force to the dental implants. The incorrect transfer of load to
the implant may lead to its failure once the load goes beyond its fatigue strength [20]. In
20% of the cases of patients with 7-10years of implant placement, complications such
as periimplantitis have been reported [21]. The aforementioned complications associ-
ated with the implants can lead to significant health issues in the patients and require
additional costs to minimize the complications [22, 23].

A considerable effort has been made to do away with these shortfalls, such as the
development of different surface and bulk modification strategies such as acid and
plasma etching, laser ablation, ion implantation, etc. The methods for modifying the
implants are being researched heavily by the scientific community [24]. The devel-
opment of 3D printing technology has led to fabrication of biomaterials that have
complex geometries and are customized according to the customer requirements [25,
26]. The 3D printing technology can also lead to replication of nano- and microscale
features within the material. However, the main challenge of 3D printing technology is
to enable the usage of nanoparticles and their melting, which are crucial for the com-
plete assembly. Further, it is difficult to assess the impact of post- and preprocessing
done on the implants using 3D printing technology.

The present work explores metallic biomaterials and the key strategies that have
been adopted for surface and bulk modifications.

4.2 Permanent metallic bioimplants

The commonly used bioinert metals for angioplasty, fracture fixation, and remodeling
of bone are Co-Cr alloys, Ti alloys, and surgical stainless steel [14]. These materi-
als have numerous advantages such as excellent mechanical properties and therefore
long-term stability in the highly reactive environment. However, the highly reactive
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environment in which they function may lead to their degradation, which may in turn
result in the release of undesired metallic ions. The released metallic ions cause in-
flammatory reactions such as osteolysis and may even lead to metal hypersensitivity
[27]. The osteolysis undermines the fixation and interferes with the load transfer, re-
sulting in failure of the implant and complications related to surgeries.

4.2.1 Stainless steel-based bioimplants

Pure metals were considered as suitable material candidates for the fabrication of im-
plants before the introduction of surgical stainless steel. The pure metals had lower
mechanical strength as well as low corrosion resistance [28]. The limitations associ-
ated with the pure metals were overcome by the introduction of 18/8 stainless steel
[29] which had relatively better corrosion resistance resulting in fewer complications
after the surgery. The high percentage of chromium content, i.e., 12%, is the main rea-
son behind the higher corrosion resistance of stainless steel. Together with the chro-
mium content, stainless steel also possesses molybdenum and nickel. The formation
of carbides of chromium takes place during high temperature treatment, which is taken
care of by the limited carbon percentage (http://www.worldstainless.org/Files/ISSF/
Education/Module_03_Corrosion_Resistance_of_Stainless_Steels.pdf).

Surgical stainless steel can be classified into Ni-free stainless steel or conventional
stainless steel. Although the presence of nickel increases corrosion resistance, it also
reduces the biocompatibility [30]. Therefore, to restrict the percentage of nickel,
stainless steel is alloyed with nitrogen. The conventional stainless steel is used for
load-bearing applications as well as for stents; however, the Ni-free stainless steels
are used only for stents. The conventional stainless steel is less biocompatible and
corrosion resistant than the titanium-based biomaterials, but the cost of titanium-based
biomaterials is relatively higher than that of the stainless steel biomaterials. Also,
stents function in a unique oxygen-rich environment where the risk of corrosion is
minimized, and therefore the stents from stainless steel are more affordable and ap-
propriate [31]. The carbon content in surgical stainless steel is <0.03%, which is about
one-fifth of that present in other metallic biomaterials [32]. The better mechanical
properties and ductility of stainless steel allow its usage for bone fracture treatments,
where it is used in the form of nails, screws, etc. Fracture plates made from stainless
steel provide for temporary support for tissue regeneration.

316L stainless steel is used for fabrication of low-cost copies of actual implants,
which are used by surgeons for determination of the actual size of the implant during
joint replacement surgery. The traditional approach entailed the use of actual implants,
which required repeated cycles of decontamination and sterilization. The mechanical
strength of the implant would be undermined because of the fatigue and corrosion
induced due to the sterilization and decontamination process [33]. Frame proposed a
different approach using laser sintering in fabrication of disposable low-cost copies of
implants with 316L stainless steel.

SLS/SLM has been used in fabrication of dental implants with stainless steel.
Liquid phase sintering is employed to melt the binding polymer with the aid of a laser
beam, which is then used to bind the metal particles. The residual polymer is then
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removed by heating the scaffold [34]. The implant of required density is then produced
by further infiltration and sintering of bronze.

4.2.2 Titanium and titanium alloy-based bioimplants

Medical-grade titanium is a much better alternative for high loading rate applications
because of its higher strength-to-weight ratio than stainless steel. One of the critical
factors for the degree of distress to which the adjacent bones will be subjected is the
weight of the alloy [35]. The strength of Ti alloys may be further enhanced with ther-
mal aging, quenching, and annealing [36].

Alloying of Ti is another technique to enhance the mechanical strength of Ti ma-
terial. For instance, alloying with 5.5-6.5 wt% aluminum and 3.5-4.5 wt% vanadium
results in Ti-6Al-4V, which produces a Ti material that has better strength properties
than the unalloyed Ti metal [37]. The hardness of Ti increases by 32% with the ad-
dition of Al, the other properties remaining intact (http://www.totalmateria.com/ar-
ticle126.htm). The strength as well as corrosion resistance of Ti increases with the
addition of niobium [38, 39]. However, in cases where bending is of utmost impor-
tance for the implant function, the reduced ductility of Ti arising due to alloying leads
to its unsuitability for such applications.

Ti lends itself for restoration of anatomically complex areas and its suitability for
such applications is further enhanced with the involvement of 3D printing technology.
The repair of bifrontal skull defects [40] and reconstruction of the orbital and maxil-
lary floor [41] have been made possible with the 3D-printed titanium implants. The
3D-printed implants offer low operation time, superior aesthetics, long-term stability,
and elimination of facial dysfunction in patients in comparison to the conventional
system of screws and plates [42]. However, the 3D-printed titanium implants also
show susceptibility to infection, as revealed in reconstruction of zygomatico-orbital
defects [43].

A customized 3D-printed titanium prosthesis has also been produced for limb sal-
vage surgery. The titanium prosthesis was used to replace the bones lost to scapular
Ewing’s sarcoma [44]. The implants from Ti-6Al-4V powder were fabricated using an
electron beam system. The usage of an electron beam melting system overcomes the
challenges arising because of the liquid Ti showing chemical affinity to atmospheric
gases and also because of the low ductility of the Ti metal [45]. In order to bring the
excessively high moduli closer to that of cortical bone, porosity was introduced into
the structure. This was done to minimize stress shielding rather than promoting vascu-
larization or tissue regeneration.

Titanium-based implants have also been produced using direct metal laser sintering
(DMLYS). The implants produced using DMLS have been used to support bar-retained
maxillary overdentures, the survival rates being 97% and the biological complications
at 7% [46]. The survival rates for unsplinted DMLS-produced Ti implants supporting
ball attachment for mandibular overdentures were also reported to be similar [46, 47].

The integration of the gradients for porosity and Young’s modulus for 3D Ti-
6AI-4V dental implants is one of the main advantages of the selective laser sintering
technique [48]. Sacrificial wax templates can be used for fabrication of Ti scaffolds
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with improved anisotropic properties, such as compressive strength and porosity [49].
The durability of the scaffolds is affected significantly by the potentiality to reduce the
discrepancies in architecture of the scaffolds [50].

The fatigue resistance of the fabricated dental implants is comparatively more than
that of the highly porous titanium implants, which have been obtained using the tra-
ditional coating and spraying techniques. The fatigue resistance is 30% lower for the
implants produced using traditional methods than those fabricated using the 3D print-
ing technologies. The 3D printing techniques such as SLS also render simultaneous
control over the micro- and nanostructures within the geometry as a whole. The other
techniques such as solid-state foaming by expansion of the pores filled with argon,
sintering of Ti fibers, etc., don’t offer simultaneous control [51]. Implants with osse-
oconductive properties as well as biocompatibility characteristics are produced using
the 3D printing techniques [52]. Improved bioresponse and osseoconductivity were
shown by beagles implanted with Ti-6Al-4V implants as compared to acid-etched or
alumina-blasted implants [53].

4.2.3 Cobalt-based bioimplants

The resistance of Co-based implants is higher in comparison to the Ti alloy-based
implants. The enhanced resistance has allowed the Co-based implants to be employed
for artificial hip joints wherein wear due to direct contact between the bone plate and
the femoral head may result. The combination of high strength and durability is one of
the major advantages for the Co-Cr-Mo implants and therefore they are used widely
[54]. The elastic modulus of Co-Cr alloy based implants is also relatively higher than
the pure Ti or Ti alloys [55, 56].

The Co-Cr alloy-based implants have higher density and elastic modulus in com-
parison to bone [57]. These characteristics allow for greater stress shielding than that
of Ti and Ti alloy-based implants [58]. However, the Co-Cr alloy-based implants have
lower biocompatibility and osseointegration capacity than the Ti-based implants.
Therefore, Ti-based implants are mainly used for the elements that make direct con-
tact with the bone, whereas the elements such as the rods in spinal fixation that do
not interfere with the bone directly are made using Co-Cr-based alloys. It has been,
however, revealed that metal corrosion and shredding may result at the site making
contact with the Ti or Co implants, due to increasing frictional load. The tissues near
the metallic implants experience metallosis, as in the case of total hip arthroplasty,
spinal fixation, and knee implants.

The excessive stiffness of the structure in the case of Co-Cr alloy-based implants
for the 3D technique to be implemented can be overcome by the incorporation of
nano- and microstructures within the bulk geometry. The incorporation and simulta-
neous control over the nano- and microstructures can result in implants with reduced
elastic modulus. Further, the discrepancy of stiffness between the alloyed implants and
the bone can also be eliminated using bulk modifications. Co-Cr-based implants with
the desired pore architecture and macrogeometry can be produced using the electron
beam machining (EBM) technique [59]. The implants showed around 28% contact
with the bone when implanted into adult sheep femora for around 26 weeks. Although
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this contact percentage was lower than that observed for Ti-6Al-4V implants, the
apatite-collagen ratio, densification, and phosphate-carbonate ratio was similar for the
Ti and Co-Cr alloy-based implants. Co-Cr porous structures also showed higher osteo-
cyte density at their periphery [59].

Meshed and solid implants can be printed using EBM in addition to foam mono-
liths. Architecture of Crp3Cg precipitates in the columnar directional form with spacing
of around 2 pm has been observed for the foam ligaments and mesh struts from Co-
29Cr-6Mo alloys. The microstructures reveal the directional solidification of the solid
cylindrical components in the assembly process [60].

Fine cellular microstructures in CoCrMo implants have been observed when em-
ploying selective laser melting (SLM) for the fabrication of Co-based implants. The
fine cellular microstructure was a result of subsequent rapid cooling and strong tem-
perature gradients maintained during the melting of the alloy. The grain boundaries
were observed to be depleted in Co and enriched in Mo. Such processing steps result
in reduced formation of a martensitic € phase and minimize the precipitation of car-
bides at the surface. Further, a highly corrosion-resistant 3D printed implant results
from using the SLM fabrication technique [61].

4.2.4 Tantalum-based bioimplants

Tantalum has been investigated for many biomaterial applications owing to its ex-
cellent biocompatibility characteristics. The biocompatibility property has aimed
tantalum-based bioimplants for environments where biocompatibility and corrosion
resistance are the major requirements [62]. A Ta,Os protective film on the implant
surface provides anticorrosion characteristics to tantalum-based bioimplants [63, 64].
Tantalum is one of the attractive materials for artificial joints because of its excellent
bone-bonding characteristics. These can either be used for bulk materials or as a coat-
ing on titanium and stainless steel bioimplants, lending them better osseointegration
and corrosion resistance [65-68].

The higher elastic modulus as well as the difficulty in fabrication with higher pre-
cision are the major limitations to the wider use of tantalum. The elastic modulus of
tantalum is above 186 GPa and the density is around 16.6 g/cm’. The elastic modulus is
very high in comparison to cancellous bone (0.1-0.45 GPa) and cortical (10-16 GPa)
and, therefore, because of this huge mismatch, the tantalum metal is detrimental [69,
70]. Further, a high melting temperature of around 3020°C is a major challenge for
the bulk production of bioimplants based on tantalum. Patients have been observed
to suffer from headaches because of the high conductivity of tantalum when used for
cranioplasty [71].

Implants have been manufactured with 50 wt% of Ta and Ti using the SLM man-
ufacturing technique. The Ta nanoparticles were randomly dispersed in the Ti-Ta
matrix. Equiaxed grains of  phase Ti and Ta composed the matrix with a random
orientation. This results in a f stabilizing effect and rapid solidification [72]. The fab-
ricated Ti-Ta was revealed to possess a higher strength-to-modulus ratio than pure Ti
and Ti-6Al-4V alloys.
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4.3 Biodegradable metals

Biodegradable metals are one of the attractive alternatives to implants made from perma-
nent metals for fracture fixations in cases where complete tissue regeneration is desired.
Zinc (Zn), iron (Fe) and magnesium (Mg) are some of the best-explored biodegradable
metals, used extensively for cardiovascular and orthopedic applications [73]. These bio-
degradable metals offer excellent in vivo biocompatibility, have the required mechanical
strength to provide support to bone undergoing a regeneration process, and have a con-
trolled degradation profile. The mechanical behavior of bioresorbable metals has been
found to be far superior to the bioresorbable polymers [74]. The products of biodegra-
dation of the biodegradable biometals are metabolized by the host cells, unlike the by-
products of polymeric products, which result in necrosis and inflammatory issues [75].

4.3.1 Magnesium-based biodegradable implants

Magnesium possesses high specific strength among the other candidate biodegradable
materials [76] and also has relatively lower density and elastic modulus. The elastic mod-
ulus is around 41 GPa and the density is 1.75 g/cmS. These properties are very close to
those of bone and therefore aid in minimization of risk pertaining to stress shielding [77].
The Mg-based implants such as rods, plates, and screws provide for the required mechan-
ical strength and degrade gradually, thereby providing space for the regeneration of the
bone tissue (https://www.accessscience.com:443/content/biodegradable-metal-implants/
BRO601151). The gradual degradation leads to positive contribution to the strength and
density of the bone, as there is a gradual increase in the force from the implant onto the
bone. The biodegradable implant eventually will be fully degraded and thereby mini-
mizes the metal-related sensitivity issues that occur with Co- or Ti-based implants.

The Mg-based biodegradable implants, however, have a rapid rate of corrosion, es-
pecially in environments full of biological fluids [78]. The rapid corrosion rate results
in release of large Mg2+ ions, leading to untimely loss in the mechanical strength of
the implants [79-81]. The release of hydrogen gas is also very rapid along with the
corrosion rate, which may lead to formation of gas pockets around the implant [82].
Thus an extremely higher corrosion rate may hinder the regeneration of the bone. The
degradation kinetics of Mg can be controlled via alloying.

The solid free-form (SFF) fabrication technique has been used in preparation of
Mg scaffolds with ordered pore macrostructures. The use of SFF has resulted in higher
resolution in terms of volume fraction, stiffness, and porosity [83]. Pore dimensions of
6% and 9% and surface roughness of around 11 pm have been achieved with the SFF
technology [83, 84]. The surface area achieved was high enough for efficient interac-
tions between cells and surface.

4.3.2 Zinc-based biodegradable implants

Zinc is one of the important elements that play a crucial role in the functioning of pro-
teins as well as the related structures. It is an essential element for the proper catalytic
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functioning of more than 400 enzymes, including stabilization and folding of protein
subdomains. Examples include proteins engaged in replication of nucleic acid, RNA
polymerases, and DNA-binding of the factors related to eukaryotic transcription [85].
Since the environment of stent operation is such that most tissues in proximity have
good tolerances to Zn ions, Zn is being explored for applications pertaining to biore-
sorbable metallic stents. The main processes responsible for the corrosion of zinc are
the cathodic reduction of the oxygen dissolved and the anodic dissolution [75]. The
corrosion rate is also affected with the pH level of the surrounding environment. The
corrosion rate of Zn is comparatively lower than that of pure Mg.

Zn-based biodegradable stents do not lead to any inflammatory responses, which
was evident when Zn stents were used for rat arteries. Zn and its alloys have also
been explored for fixation of fractures, besides their applications for stents. Enhanced
corrosion resistance as well as improved mechanical properties are obtained by com-
bining Zn with Mg [73].

4.3.3 Iron-based biodegradable implants

Fe also undergoes local corrosion in the presence of dissolved oxygen. The tendency
of iron to dissolve is the lowest in comparison to the other biodegradable metals. The
formation of a protective oxide layer over the surface is one of the major reasons for
lower corrosion rates. The oxide layer on the surface of Fe acts as a barrier to the
rapid degradation phenomenon. The investigations into usage of Fe-based stents have
shown no inflammatory responses or thrombosis or excessive toxicity. High radial
strength is one of the characteristic properties of Fe stents, which aids in fabrication
of extremely thin stents. The ductility of the Fe stents is also higher and hence deploy-
ment into the arteries is much easier [75].

However, with the advantages are associated certain limitations that result in un-
desirable consequences. For instance, incomplete corrosion has been revealed for
Fe stents. To avoid this, alloying has been suggested as an alternative, to increase
the rate of degradation. However, control of the formation of by-products of iron
oxide degradation as well as the influx of metallic ions into the surrounding tissues
is required. The increased quantity of Fe in the system can lead to inflammation,
damage to lipid membranes, an increment in free radicals, and damage to DNA and
proteins [1].

Further, Fe-based bioimplants may interfere with magnetic resonance imaging
(MRI) because of the magnetic nature of iron. A strong magnetic field may cause
tremendous heating of the stents, resulting in change in shape as well as position
of the stents. However, such effects have positive impacts that if harnessed could
enhance the therapeutic outcome of any treatment. For instance, osseous tissue
generation can be stimulated by employing porous scaffolds with iron nanopar-
ticles. The intracellular pathways associated with bone formation are activated
as a result of application of an external magnetic field [86]. Triggering of drug
release can also be accomplished using external magnetic fields. The heat gen-
erated locally can be used for thermal therapy of cancer and also could treat any
implant-associated infections.
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4.4 Limitations of biomaterials

Metallic biomaterials are being used widely for the fabrication of different prosthetic
parts. Thus it is essential to have knowledge of the limitations associated with these
biomaterials. Also it is essential to understand the different strategies that could be
adopted to overcome or minimize these limitations. The present section illuminates
some of the limitations and the different strategies for overcoming such limitations.

4.4.1 Biocompatibility

Both permanent and biodegradable metal-based implants are biocompatible; the bio-
compatibility is negatively affected by untimely degradation and excessive wear. This
may lead to hindrances in healing and hence to long-term damage [87]. The biocompat-
ibility may also be reduced as a result of techniques used for enhancing the mechanical
properties as well as the corrosion resistance of the material. For instance, inflammation
in the tissues surrounding the implant increases with the addition of Ni or Ti [88]. Such
issues can, however, be minimized to some extent by avoiding direct contact between
the implants and the cells surrounding the implants. For instance, Co-Cr based rods can
be affixed to the bone using biocompatible Ti screws [89]. Interactions between the host
cells and the surface are also affected when employing strategies for preventing bacterial
contamination. Using such strategies can also hinder osseointegration [90, 91].

The process of osseointegration as well as that of cell attachment is stimulated by
additional surface roughness and porosity. The strategies for achieving such modifi-
cations range from sandblasting to laser ablation. For example, the required surface
roughness over the implants can be produced by sandblasting Ti with large grit acid.
This provides a suitable environment for growth and attachment of cells [92]. The sur-
face modification strategies can directly affect the manner in which the surfaces and
pathogenic microorganisms interact with each other [93, 94].

Biocompatibility can also be increased by bulk modifications such as those of al-
loying elements that stimulate for cell attachment and proliferation, introduction of
porosity in a controlled manner, or changing the structure of the grains. Complex mod-
ifications such as providing complex interconnected architectures and channels have
been made possible with the promising and emerging technology of 3D printing [95,
96]. The degradation profile of the material can be altered by increasing the surface
area in contact with the corrosive implant surroundings. However, this may lead to
development of sarcoma as result of substantial release of ions from the implants [97].
This can be minimized by using a thin film of polymer or ceramic as a coating on the
surface of the 3D scaffolds.

A suitable modification technique must be selected that doesn’t compromise the
required dimensions and at the same time ensures connectivity of internal channels
and pores. For metal scaffolds, techniques such as solvent casting or spray-, dip-,
or spin-coatings can be used. These techniques produce a thin layer of a film that
may suffer from nonuniformity of surface roughness, chemical functionalities, etc.
[98]. The fine internal structures of the implants can be affected negatively with a
nonuniform film thickness.
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4.4.2 Surface colonization and formation of biofilm

The implants that promote host cell-surface modifications and simultaneously prevent
the formation of biofilm are highly desired. The attachment of protein takes place on
introducing an implant into the body of a patient, along with the colonization of the
surface by the host and pathogenic cells [99]. In certain instances in which this colo-
nization doesn’t occur, long-term antimicrobial strategies are followed to prevent the
formation of a biofilm [100, 101]. One of the strategies for the antibacterial coating
includes the use of silver nanoparticles for Ti-based bioimplants.

One of the emerging and promising technological fields is plasma-based biomed-
ical technologies, which have been used widely for decontamination at low tempera-
tures in the food industry and for tissue regeneration [102—-106]. Cellular activities
are significantly altered when the cells are treated with plasma. This results in con-
trolling the processes responsible for the formation of biofilm, carcinogenesis, and
tissue regeneration [102, 103]. Plasma-enabled biomedical technologies are also used
for carrying out long-lasting controlled surface modifications [93, 94]. This also in-
cludes chemical functionalization and deposition of films with antibacterial properties
[107—-109]. Plasma has also been used for the deposition of surface nanostructures of
highly complex nature from a wide range of materials [17, 18, 110] that can aid in a
wider control over the attachment behavior of microorganisms and cells.

Chemical gradients have been successfully obtained in 3D porous scaffolds using
the technique of plasma deposition, resulting in enhanced cell viability in compar-
ison to untreated materials [111-113]. It is also possible to add the different N- or
O-functional groups and their combinations and to deposit nano- and microscale fea-
tures throughout the porous structure [114].

4.5 Conclusions

The present work reviews the currently used biomaterials with their limitations and the
strategies that have been adopted for their modifications. However, the need for new or
modified materials can only address the challenges that are associated with the current
implants. The biomaterials should not only minimize the medical complications but
also should be aesthetically comfortable for the patients. Significant values can be
associated with future biomaterials using the current material engineering techniques.
The next-generation implants are to be manufactured using nanomaterials that can
serve multiple purposes.
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