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ABSTRACT
Nanocomposite coatings have garnered significant attention for their potential 
applications in various fields, including dentistry. These coatings consist of a base 
matrix, typically a polymer, ceramic, or metal, embedded with nanoparticles that 
confer enhanced properties do not present in the bulk material. By incorporating 
nanoparticles into a suitable matrix, these coatings exhibit superior properties 
including bioactivity, wear resistance, corrosion resistance, antibacterial activ-
ity, and drug release capabilities. This review specifically covers the application 
of nanocomposites as (1) bioactive/osteoconductive coatings, (2) antibacterial/
antimicrobial nanocomposite coatings, (3) tribological/corrosion protection nano-
composite coatings, and (4) drug delivery nanocomposite coatings.

Introduction

The surface plays a vital role in determining the per-
formance of a biomaterial in a biological environment 
by regulating its interaction. There are two major cat-
egories of biomaterials surface: bioinert and bioactive 
surfaces. The term “bioinert” refers to any surface 
that, when implanted into a human body, has mini-
mal interaction with the surrounding tissue [1]. On the 
other hand, a bioactive surface specifically exhibits a 
biological response at the material-tissue interface 
and forms a bond with the surrounding tissue. At the 
atomic level, all biomaterial surfaces exhibit some level 
of activity, creating a vital interface at the implant-to-
cell contact [2]. Therefore, the physical and chemical 

nature of the biomaterial surface is the most critical 
factor in determining the performance of biomaterials.

A significant focus has been placed on understand-
ing and controlling interactions at the surface of dental 
biomaterials. In general, by modifying the surface and 
retaining the bulk properties of the substrate, surface 
engineering aims to improve the performance of bio-
materials in contact with the biological environment 
[3]. The process of surface engineering involves modi-
fying the topographical and chemical characteristics of 
a biomaterial to create a new interface for contact with 
biological substances, forming a biointerface.

Both the morphological properties and chemi-
cal structure/composition can be modified to obtain 
a desired surface for dental biomaterials. Various 
physicochemical treatment methods such as physical 
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texturing, chemical treatment including acid etching/
oxidation, grafting of functional groups, plasma and 
ion irradiation, and functional coatings have been 
developed to modify dental biomaterial surfaces [4, 5].

In dentistry, various functional coatings are applied 
to combine optimal bulk properties (such as tensile 
strength or stiffness) with desired surface characteris-
tics (such as biocompatibility, wettability, roughness, 
etc.). Several functional coatings have been developed 
to enhance the biocompatibility, bioactivity, corrosion 
resistance, and antimicrobial properties of dental bio-
materials [6].

Synthetic polymers like polylactic acid (PLA), 
poly(lactide-co-glycolic) acid (PLGA), and poly(ε-
caprolactone) (PCL) have been extensively used as 
coatings for dental applications [7, 8]. In addition to 
synthetic polymers, natural polymers such as colla-
gen, chitosan, and cellulose are used as dental coating 
materials. Inorganic materials such as carbon-based 
materials, ceramics, and metals/metal oxides are also 
applied as coatings.

When used solely, organic polymers or inorganic 
materials have limitations as biomedical coatings. 
Organic polymers are flexible but often lack mechani-
cal strength and chemical stability [9, 10]. On the other 
hand, inorganic coating materials also have drawbacks 
such as weak adhesive strength, poor film-forming 
ability, and a tendency to aggregate [11, 12]. Addition-
ally, some inorganic materials may exhibit cytotoxic-
ity, restricting their potential applications as biomedi-
cal coatings [13, 14].

Combining polymers and inorganic materials in 
composite coatings effectively addresses various 

limitations observed when using these materials 
independently. Hybrid materials effectively combine 
the advantageous characteristics of both polymers 
and inorganic materials to address shortages [15, 16]. 
These composites display improved biocompatibility, 
mechanical strength, and numerous specific function-
alities [17, 18]. On the other hand, the composite term 
does not solely refer to organic–inorganic composites; 
numerous organic-organic and inorganic-inorganic 
composite coatings have been designed for dental 
applications.

Nanocomposites are a type of novel materials con-
taining dispersed fillers with at least one dimension 
in the nanometer range as shown in Fig. 1 [19]. As 
compared to traditional composites with macro- or 
micro-scale fillers, nanocomposites exhibit unique 
characteristics such as increased surface area, archi-
tecture, functionalities, surface energy, and high 
strength-to-weight ratio. Nanocomposite coatings are 
a game-changer in dental materials, providing a flex-
ible and innovative solution to the various challenges 
in oral care. These coatings can strengthen structural 
integrity, improve aesthetics, prevent infections, facili-
tate drug delivery, support minimally invasive proce-
dures, and ensure biocompatibility [20, 21]. In short, 
they are leading the way to a new era in dentistry.

The review focuses on four main categories of com-
posite coatings used in dentistry: (1) bioactive/osteo-
conductive nanocomposite coatings, (2) antibacterial/
antimicrobial nanocomposite coatings, (3) drug deliv-
ery nanocomposite coatings, and (4) tribological/cor-
rosion protection nanocomposite coatings. The article 
illustrates the advancements in using various organic/

Inorganic matrix - Organic agents Inorganic matrix - Inorganic agentsOrganic matrix - Organic agents

Figure 1   Schematic demonstration of composite types.
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organic, inorganic/organic, and inorganic/inorganic 
nanocomposites in dentistry for diverse applications, 
including the design of bioactive surfaces, antibacte-
rial coatings, drug release systems for periodontal dis-
eases and cancer treatment, corrosion protection, and 
friction reduction.

Bioactive/osteoconductive nanocomposite 
coatings

Upon implantation of an artificial material, the tissue 
exhibits distinct responses depending on the nature 
and surface characteristics of the material. Bioinert 
materials commonly used for implants, such as tita-
nium, stainless steel, alumina, stabilized zirconia, 
and ultrahigh molecular weight polyethylene, show 
minimal bonding with surrounding tissue [22]. On the 
other hand, certain materials can form bonds with sur-
rounding tissues through biophysical and biochemi-
cal reactions, classifying them as "bioactive materi-
als” [23]. Bioactive glasses (BAG) and hydroxyapatite 
(HA) are crucial bioactive materials, particularly in 
bone regeneration applications [24, 25]. BAG bonds 
with bone tissue, promotes healing, and releases ions 
that support bone growth and provide antibacterial 
benefits. HA, mimicking bone mineral, is highly bio-
compatible and fosters new bone growth. Both BAG 
and HA enhance the structural integrity and biologi-
cal performance of bone grafts and implants, making 
them ideal for orthopedic and dental applications.

HA is a mineral that occurs naturally and is a form 
of calcium apatite, primarily found in mineralized tis-
sue [26]. HA, a major component of dentin, is widely 
used in various dental implants and grafts due to its 
bone-bonding ability. Due to its high biocompatibil-
ity and osteoconductive properties, HA is utilized in 

various bone implant applications. However, its major 
drawback is brittleness, which limits its use in load-
bearing applications where mechanical strength is 
crucial [27].

While the bulk form of HA may not be as com-
monly used, it is extensively used as a coating mate-
rial for implants due to its excellent biocompatibility 
and ability to promote bone growth [28]. HA coatings 
enhance the integration of implants with bone by pro-
viding a surface that encourages bone cell attachment 
and proliferation (as shown in Fig. 2) making them 
particularly effective in orthopedic and dental appli-
cations [29, 30].

Recent advancements in nanotechnology have facil-
itated the development of HA with enhanced prop-
erties at nanoscale. Nano-structured HA coatings are 
mainly prepared by advanced "bottom-up" techniques, 
which result in larger surface areas and superior reac-
tivity [31]. Implants that are coated with nano-struc-
tured HA have shown exceptional characteristics, 
especially in the field of dentistry. Nanostructured HA 
provides better osseointegration and biological fixa-
tion through chemical interaction and bonding with 
bone tissue. On the other hand, some studies have 
reported that nanostructured HA coatings may be 
susceptible to delamination and wear over time [32]. 
Applying uniform coatings of nanostructured HA to 
implants and ensuring strong adhesion is technically 
challenging [33]. Additionally, controlling the degra-
dation rate of HA at the nanoscale is complex, as it 
must match the natural bone healing process to pre-
vent long-term complications [34, 35].

Combining nanoscale HA with a matrix to form a 
composite offers numerous advantages [36]. Incorpo-
rating nanoscale HA particles into a matrix material 
helps prevent cracking and delamination, increasing 
the durability and longevity of the coated surface [37]. 

Figure 2   SEM image of MG 
63 cells on a titanium coating 
and b HA/ZrO2 nanocompos-
ite coating. Reprinted with 
permission from [29]. Copy-
right 2017 Pang Xiao Feng.
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The use of HA in composite form enables customiza-
tion by adjusting the composition and structure of the 
matrix material. This enables the design of coatings 
that degrade at a rate matching the natural healing 
process, ensuring optimal tissue regeneration and 
integration [38].

For instance, combining nanostructured HA with 
natural organic polymers (collagen, chitosan, etc.) 
resulted in superior biocompatibility and activity [39]. 
Collagen, known for its flexibility and tensile strength, 
is a preferred natural organic matrix for incorporating 
HA nanostructures. By combining HA and collagen in 
a composite form, a balance of strength and flexibility 
that closely resembles that of natural bone tissue is 
achieved [40]. Combining HA and collagen not only 
improves mechanical properties but also enhances cell 
adhesion, proliferation, and differentiation, crucial for 
tissue regeneration [41].

In the coating formulation of implants, using a com-
bination of HA and collagen has been demonstrated 
to enhance the implant-bone contact compared to 
using only HA as a coating material [42]. Basically 

HA/collagen composite forms an optimum environ-
ment (3D micro- and nanotopography as shown in 
Fig. 3) for cellular interaction and cell proliferation 
[43]. While collagen provides a favorable microenvi-
ronment for cell growth and activity, the presence of 
HA provides binding sites for cells.

Chitosan is another commonly used natural poly-
mer for incorporating HA. Due to its porous structure, 
chitosan aids in retaining growth factors and facilitates 
cell infiltration, further enhancing bone regeneration. 
Hsu et al. showed that HA/chitosan nanocomposite 
coating created a favorable three-dimensional micro-
environment for cell attachment [44]. HA/chitosan 
blend forms a porous network that does not entirely 
cover or clog the surface. While such a highly rough 
structure provides a high surface area (active site for 
cellular interaction), it also results in an exceptionally 
low water contact angle. Moreover, chitosan enhances 
bioactivity by facilitating the deposition of HA and 
promoting the formation of a biomineralized layer, 
further improving implant stability and longevity. It 
has been demonstrated that a composite coating of 

Figure  3   a Cross-sectional SEM image of HA/collagen nano-
composite coating on bioceramic modified titanium substrate 
b SEM image of proliferated osteoblasts on HA/collagen nano-

composite coating after 14 days. Reprinted with permission from 
[43]. Copyright 2010 ECS – The Electrochemical Society.

Figure 4   SEM image of 
apatite layer deposited on a 
titanium disc and b titanium 
disc coated with HA/chitosan 
nanocomposite. Reprinted 
with permission from [45]. 
Copyright 2018 Elsevier.
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HA/chitosan accelerates the formation of an appetite 
layer while also enhancing cell adhesion, spreading, 
and proliferation [45, 46]. Figure 4 shows the effect of 
HA/chitosan coating on appetite layer formation.

In addition to natural polymers, synthetic biode-
gradable polymers, including PEG, polyacrylic acid 
(PAA), polyvinyl propylene (PVP), polyvinyl alcohol 
(PVA), and polycaprolactone (PCL), are used to pro-
vide structural integrity and strength to HA coatings. 
Synthetic biodegradable polymers offer versatility in 
terms of their composition and properties. By adjust-
ing the ratio of HA to polymer or by selecting differ-
ent types of polymers, it is possible to customize the 
properties of the composite coating. These properties 
include the release of active ions, degradability, elas-
ticity, surface coverage, and other mechanical proper-
ties [46, 47].

One of the primary uses of synthetic biodegradable 
polymers is to enhance the adhesion strength of HA 
coatings. The adhesive strength between the HA coat-
ing and the substrate is the most critical characteristic 
that determines the quality of the applied coating and 
its clinical application [48]. It has been demonstrated 
that the adhesion strength between the HA layer and 
metallic substrate is relatively weak, which can result 
in coating delamination at the coating–substrate inter-
face [49]. The addition of hydrophilic polymers (PEG 
or PVA) to HA coating formulation enhanced the 
adhesion to substrate and also retains high biocom-
patibility and bioactivity [50].

Adding synthetic biodegradable polymers to HA 
coating formulations can alter the roughness and 
porosity, aiding in cell attachment, proliferation, and 
nutrient exchange, crucial for bone regeneration. As 
the biodegradable polymers break down, the porous 
structure ensures a gradual transfer of mechanical 
load to the new bone. This promotes natural bone 
remodeling and reduces the risk of implant loosening. 
The engineered porosity optimizes the biological and 
mechanical integration of implants, improving their 
overall effectiveness and longevity. In recent years 
three-dimensional (3D) printing has been shown to 
provide a fast, precise, controllable, and scalable fabri-
cation approach for the synthesis of HA-based porous 
coatings. Polymers like PEG, PAA, and PGA have been 
utilized with HA to 3D print HA-based composites 
for improved structural manipulability, flexibility, and 
versatile mechanical performance [51].

Besides organic polymer matrices, HA nanostruc-
tures are also combined with inorganic matrices to 

design functional nanocomposites. By incorporating 
inorganic oxides with superior mechanical properties, 
such as SiO2, TiO2 and ZrO2, into HA based compos-
ites, the overall mechanical strength and toughness 
can be significantly improved. This is particularly 
beneficial in orthopedic implants and dental materials, 
where durability and resistance to fracture are crucial 
[25]. In addition, incorporation of inorganic oxides can 
further enhance this bioactivity by providing nuclea-
tion sites for mineralization or by modulating cellular 
responses [52–54].

ZrO2 is widely known for its positive effects on 
the biocompatibility of composite coatings and for 
enhancing the interfacial bonds between HA and the 
substrate. Incorporating ZrO2 in HA coating formula-
tion has been proven to improve adhesion and corro-
sion resistance, which is crucial for various implants. 
Hans et al. demonstrated that HA/ZrO2 composite 
coating can effectively prevent electrolyte ions or 
electrons from penetrating the substrate surface [55]. 
Authors achieved the lowest corrosion rate at com-
posite coating composed of 20% ZrO2 and 80% HA as 
shown in Table 1 and Fig. 5

Like ZrO2, SiO2 is also known for improving the 
mechanical and wear properties of HA-based coatings, 
as well as increasing its corrosion resistance. Besides 
mechanical properties, Parsa et al. showed that the 
addition of SiO2 also improves the nucleation of apa-
tite crystals, and this promotes the crystallization of 
HA as shown in Fig. 6 [56].

TiO2 has also been one of the considered oxides 
for the improvement of adhesion of HA-based coat-
ings on metallic substrates. Singh et al. demonstrated 

Table 1   Comparison of corrosion behavior of HA/ZrO2 com-
posite (for different amount of ZrO2) coatings deposited on CoCr 
substrate. Reprinted with permission from [55]. Copyright 2022 
EVERGREEN—Joint Journal of Novel Carbon Resource Sci-
ences & Green Asia Strategy.

Coatings βa  − βc Ecorr icorr Corrosion 
rate

(V/dec) (V/dec) (V) (A/cm2) (mm/year)

Blank 0.09 0.13  − 0.72 2.21 × 10−5 1.82
95% HA
5% ZrO2

0.1 0.06  − 0.78 4.11 × 10−6 0.34

90% HA
10% ZrO2

0.03 0.05  − 0.86 3.36 × 10−6 0.28

80% HA
20% ZrO2

0.02 0.02  − 0.87 2.59 × 10−6 0.21
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that the HA/TiO2 coating showed superior mechani-
cal properties compared to HA-coatings (Fig.  7a). 
Additionally, TiO2 served as a reservoir for holding 
proteins, enhancing the osseointegration process. The 
authors also showed that the HA/TiO2 coating surface 
is hydrophilic (as shown in Fig. 7b) and exhibits excel-
lent bioactivity, making it highly desirable for dental 
and orthopedic implants [57]. In addition, the photo-
catalytic nature of TiO2 enhances resistance against 
bacterial attack in HA/TiO2 composite coatings.

BAG is another common bioactive material used 
as an adjunct to various materials in dentistry. It has 
been proven to have a beneficial effect in promoting 

material-tissue bonds. In general, BAG offers long-
term stability (well-controlled degradation) and a 
higher bio-index compared to HA. BAG-based coat-
ings enhance osseointegration and corrosion resistance 
and prevent metal ion release, making them ideal for 
implants in contact with bodily fluids. Various types 
of BAGs have been extensively used as a coating mate-
rial on dental implants due to their ability to promote 
strong chemical bonding between the implant and the 
bone [58–60].

The poor mechanical properties of BAG prevent 
these ceramic materials from being used in bulk, and 
their application is restricted to the production of 
coatings, graft bone, or scaffolds. Combining BAG 
with polymer matrices offers a versatile platform for 
developing various biomaterials with tailored prop-
erties and functionalities. These composite materials 
can be fabricated into various forms, such as films, 
scaffolds, or coatings. Various composite formula-
tions have been developed for dental and ortho-
pedic applications by integrating BAG micro- and 
nanoparticles into a polymeric matrix. BAG particles 
within the polymer matrix maintain their bioactive 
properties, promoting interactions with surrounding 
tissues and enhancing the integration of the compos-
ite material with the host environment.

In a recent study, Zhang and colleagues presented 
a robust bioactive coating by combining polycaprol-
actone (PCL) and sol–gel-derived BAG nanoparticles 
using the spin-coating method [61]. The proposed 
composite coating promotes calcium phosphate for-
mation, leading to improved cell viability and higher 
proliferation rates. Figure 8 shows the significant 

Figure 5   Comparative analysis of potentiodynamic polarization 
of HA/ZrO2 composite (for different amount of ZrO2) coatings 
deposited on CoCr substrate.  Reprinted with permission from 
[55]. Copyright 2022 EVERGREEN—Joint Journal of Novel 
Carbon Resource Sciences & Green Asia Strategy.

Figure 6   SEM morpholo-
gies of apatite formation on a 
NiTi surface and b HA/SiO2 
nanocomposite. Reprinted 
with permission from [56]. 
Copyright 2023 Elsevier.
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Figure 7   a Comparison of mechanical properties of HA and Ha/TiO2 coatings b Comparison of wettability of uncoated, HA and HA/
TiO coated substrates. Reprinted with permission from [57]. Copyright 2020 Jilin University.

Figure 8   Staining analysis of MC3T3-E1 cells on a control substrate (cell culture dish), b at periphery of PCL/BAG composite and c 
on PCL/BAG composite (indicates mineralization). Reprinted with permission from [61]. Copyright 2023 MDPI.

Figure 9   a ALP activity 
of MG-63 cells on PLGA 
and PLGA/BAG compos-
ite layers b SEM images 
of MG-63 cells on PLGA/
BAG composite after 7 days 
(arrows indicate calcified 
nodules). Reprinted with per-
mission from [62]. Copyright 
2019 Spandidos Publications.
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improvement of cell proliferation on PCL/BAG com-
posite after 72 h.

Similarly, Yang et al. developed a composite coat-
ing by combining BAG and PLGA by immersing a 
macroporous template in a PLGA solution that con-
tained varying amounts of suspended nano-sized 
BAG particles [62]. Authors reported that BAG/
PLGA nanocomposite coating improved the mechan-
ical properties of the bioceramic scaffold. Addition-
ally, BAG/PLGA nanocomposite coating enhanced 

the in vitro mineralization ability, proliferation, and 
early cell differentiation of osteoblasts (Fig. 9).

Various natural polymers, such as collagen, gelatin, 
chitosan, alginate, and cellulose (among others), have 
been utilized along with synthetic polymers as matrix 
materials to incorporate BAG micro-and nanoparticles 
for developing nanocomposite coatings. On the other 
hand, natural polymers have limitations such as low 
bioactivity and poor mechanical properties. How-
ever, incorporating BAG particles in such polymers 
enhances the mechanical properties, bioactivity, and 
regenerative performance.

Cellulose matrix embedding BAG nanoparticles are 
considered a promising alternative to conventional 
BAG coatings. The effectiveness of a coating com-
posed of BAG and cellulose has been demonstrated in 
various studies. It has been shown that BAG/cellulose 
nanocomposite coating accelerated the mineralization 
and alkaline phosphatase activity, which is the marker 
of increased bone formation as given in Fig. 10 [63].

Similarly, Lao et al. incorporated BAG nanoparti-
cles in the gelatin matrix to create a composite coat-
ing (as depicted in Fig. 14b) [64]. The well-distributed 
BAG nanoparticles within the gelatin matrix and the 
strong interaction between them resulted in mechani-
cal properties that are comparable to those of natural 
cancellous bone.

Chitosan is another common natural polymer in 
BAG coating formulations due to its known osteogenic 
and drug-delivery properties. Chitosan is also known 
to improve implant bioactivity, antibacterial activity, 
and the protection of metallic parts from corrosion 

Figure 10   ALP activity on cells cultured (after 7 and 14 days) 
on non-coated and BAG/cellulose composite coated 316 L stain-
less steel substrate. Reprinted with permission from [63]. Copy-
right 2015 American Chemical Society.

Figure 11   a Proliferation of MC3T3-E1 cells on BAG/chitosan 
composite (GS refers modification with gentamicin sulfate) and b 
ALP activity of of MC3T3-E1 cells on BAG/chitosan composite 

(GS refers modification with gentamicin sulfate). Reprinted with 
permission from [65]. Copyright 2013 Springer Science Business 
Media New York.
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phenomena. BAG/chitosan nanocomposite coat-
ings have been shown to a combined improvement 
of osteogenesis (as shown in Fig. 11) and mechanical 
properties [65].

In such composite coatings, tuning of BAG content 
in chitosan matrix alters surface chemistry, wetta-
bility, and mechanical adhesion, improving coating 
performance. Similarly, another well-known natural 
biodegradable polymer, alginate, has been inten-
sively applied in combination with BAG nanoparti-
cles in composite coating formulations [66]. Alginate 
matrix helps control the rapid degradation of BAG and 
improves the poor adhesion to the metallic substrate 
material.

In general, in BAG/polymer nanocomposite coat-
ings, the polymer component acts as a binder, connect-
ing the BAG nanoparticles to the metallic substrate. 
In contact with the biological environment, HA will 
form initially on the surface of BAG nanoparticles dur-
ing the rapid degradation of BAG and the moderate 
degradation of the polymer. Under these conditions, 
a bone-like HA phase grows on the top of the coating, 
without affecting the adhesion strength of the coating 
to the metallic substrate. Moreover, functional groups 
such as carboxyl and hydroxyl groups introduced by 
the polymer matrix can facilitate the entrapment of 
biological entities, such as growth factors, proteins, 
and relevant bone-forming cells, for the bio function-
alization of metallic implants.

Antibacterial/antimicrobial nanocomposite 
coatings

Various coating formulations, including antimicrobial 
agents or antibiotics, have been proposed to inhibit 
bacterial growth and biofilm formation on implant 
surfaces. Alternatively, nanoparticles such as silver 
(Ag) and copper (Cu) are used as antibacterial coat-
ings, offering significant benefits because of their 
enhanced antimicrobial activity and broad-spectrum 
efficacy. Nanoparticles have a high surface area, 
enhancing their ability to disrupt bacterial cells and 
prevent biofilm formation.

In general, nanoparticles have been found to pos-
sess greater antibacterial activity compared to tradi-
tional molecular antibiotics, particularly for antibiotic-
resistant bacteria. This is due to their ability to act 
through different mechanisms simultaneously, such 
as (1) electrostatic interaction with the cell membrane), 

(2) the production of reactive oxygen species (ROS), 
(3) ion releases, and (4) internalization [67, 68]. These 
four mechanisms are depicted schematically in Fig. 12

Ag nanoparticles (Ag NPs) have been widely used 
for antibacterial purposes among various nanoparticle 
formulations. Ag NPs can attack bacteria through all 
four antimicrobial mechanisms given above, making 
them a potential sole agent for fighting bacteria [69]. In 
addition, using Cu nanoparticles (Cu NPs) is accepted 
as a practical approach to tackling bacteria [70]. In 
their free ionic form, Ag NPs and Cu NPs exhibit anti-
bacterial properties, but they can also be toxic to living 
organisms. As a result, various research groups work 
towards immobilizing metallic nanoparticles within 
matrices to regulate their solubility and toxicity.

Ag NPs incorporated TiO2 and ZnO composite 
coatings are shown to exhibit prolonged antibacte-
rial effect and acceptable cytocompatibility [71]. They 
exhibit remarkable potential for biomedical applica-
tions in orthopedic and dental implants, with excellent 
self-antibacterial activities and satisfactory biocom-
patibility. In addition, Ag NPs are incorporated into 
various polymer matrices such as PLA, PGLA, PMMA, 
and bio-ceramics like HA to produce functional nano-
composites that exhibit well-controlled antibacterial 
activity [72, 73].

Besides the metallic nanoparticles, metal oxide 
nanoparticles are used to fabricate the antibacterial 
nanocomposite coatings. The photocatalytic TiO2 and 
zinc oxide ZnO nanoparticles (TiO2 NPs and ZnO 
NPs) are employed in various antibacterial coating 
formulations. TiO2 has a very high photocatalytic 

Figure  12   Formation of reactive oxygen species (ROS). Elec-
trostatic interaction with the cell membrane. Ion release, and 
internalization. Reproduced with permission from reference 
[68]. Copyright 2022 MDPI.

17999



	 J Mater Sci (2024) 59:17991–18008

efficiency; this means that it forms an active oxygen 
species under ultraviolet light (the mechanism is 
explained schematically in Fig. 13) [74]. These oxy-
gen species destroy bacterial cell membranes, which 
leads to cell death. The type and extent of cell dam-
age varies greatly and depends on the chemical and 
physical properties such as size, crystal structure, and 
light activation. TiO2 NPs have been used to tackle 
diverse microorganisms, including bacteria and fungi. 
The addition of TiO2 NPs to polymer matrices creates 
various antimicrobial composite coating formulations.

ZnO NPs are known to have a stronger antibacterial 
effect compared to Ag NPs. Gudkov et al. suggested that 
the antibacterial properties of ZnO NPs are linked to 
their ability to alter cell membrane permeability. This 
alteration leads to the release of nucleic acid from bacte-
rial cells and subsequent destruction [75]. On the other 
hand, increased concentration, and exposure of ZnO 
NPs appear to be toxic to other cells rather than bacteria, 
too [76]. In recent years, ZnO NPs have gained signifi-
cant attention in the field of dental applications due to 
their unique properties. These NPs are often combined 
with various polymer matrix materials to produce func-
tional coatings. The ZnO/HA nanocomposite coating is 
particularly noteworthy as it exhibits strong antimicro-
bial properties and promotes strong bonding between 
implants and bone [77]. ZnO/TiO2 and ZnO/graphene 
nanocomposite coatings have improved both the bond-
ing of metallic implants with bone and the inhibition of 
bacterial attachment and growth [78, 79].

Using antibacterial/antimicrobial nanocompos-
ite coatings has clear benefits in reducing microbial 

contamination. However, they also have several disad-
vantages. The nanoparticles, such as silver, zinc oxide, 
and titanium dioxide, used in these coatings can pose 
risks to human health and the environment due to their 
potential toxicity. The long-term effects of chronic expo-
sure to these particles are not well understood, raising 
concerns about potential harm to human cells and eco-
systems. Furthermore, the extensive use of antimicrobial 
agents can lead to the development of resistant micro-
bial strains, reducing the effectiveness of these coatings 
over time. Additionally, the production and application 
processes for these nanocomposites are often complex 
and costly, which can hinder widespread adoption.

Tribological/corrosion protection 
nanocomposite coatings

Friction and corrosion are two crucial factors that 
significantly impact the lifespan and effectiveness 
of dental materials and devices [80, 81]. In the den-
tal field, where materials are frequently exposed to 
mechanical stress and oral fluids, it is essential to 
address these challenges to ensure the durability and 
reliability of dental implants and restorations.

Friction can damage restorative materials and 
opposing tooth structures in dental applications, 
negatively impacting the functionality and appear-
ance of dental restorations. Additionally, exces-
sive friction during mastication can cause patients 
discomfort and even lead to the failure of dental 

Figure 13   Schematic 
depiction of photocatalytic 
chemical reaction of TiO2 
under UV light. Reproduced 
with permission from refer-
ence [74]. Copyright 2016 
IntechOpen.
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prostheses. Therefore, developing materials and 
coatings that minimize frictional forces is crucial in 
dentistry.

Several strategies have been employed to reduce 
friction in dental applications. One of the most prom-
ising approaches involves using lubricious coatings 
or surface modifications to create a low-friction inter-
face between dental materials and opposing surfaces. 
In most cases, a sole material is insufficient to formu-
late a friction-reducing coating.

Incorporating nanoparticles in dental coatings 
has proven to be an effective method for enhanc-
ing control over friction and tribological proper-
ties. Since the discovery of graphene in 2004, it has 
become a highly promising material in various fields. 
Its nanoscale derivatives also show great potential. 
With its superior ability to reduce friction, graphene 
is revolutionizing sliding contacts in engineering 
and medical fields, including dentistry. Orthodontic 
coatings that contain graphene-embedded metallic 
or metal oxide composites have been developed to 
offer more effective and efficient patient care with 
improved quality [82].

In recent years, two-dimensional (2D) materials 
WS2 and MoS2 have been used in various medical 
composite coatings to reduce friction [83]. These mate-
rials are known to provide efficient lubrication even in 
their bulk form. These compounds are characterized 
by strong covalent bonds between sulfur and metal-
lic tungsten atoms within each plane, with only weak 
van der Waals forces existing between planes. Thus, 
low interplanar shear strength exists and permits the 
sliding of two adjacent planes. By incorporating WS2 
and MoS2 nanostructures in cobalt (Co) and nickel 
(Ni) films, nanocomposite coatings are formulated to 
reduce the friction on orthodontic wires as shown in 
Fig. 14 [84].

In dentistry, composite coatings incorporating 2D 
materials such as WS2 and MoS2 may offer potential 
solutions for reducing friction and enhancing durabil-
ity, but they also pose notable challenges. Their thin 
nature may limit protective capabilities, and ensur-
ing strong adhesion to dental surfaces can be difficult, 
risking premature detachment. Additionally, surface 
roughness post-application could impact performance 
during procedures. Sensitivity to temperature changes 
and oral conditions may affect long-term effectiveness, 
despite their general chemical inertness. Thus, a care-
ful evaluation is crucial to determine the suitability of 
WS2, MoS2 and similar 2D materials-based coatings in 
dentistry, balancing their benefits with these potential 
drawbacks.

Protecting dental implants and prostheses from 
corrosion is also a critical issue, as it can cause struc-
tural damage and affect their biocompatibility. The 
oral environment, characterized by acidic pH, tem-
perature changes, and exposure to saliva, poses a sig-
nificant challenge for dental materials prone to corro-
sion. Addressing corrosion protection is vital in dental 
applications, in addition to reducing friction.

Various surface treatments and coating tech-
niques have been explored to mitigate corrosion in 
dental applications. The stability of the native oxide 
layer on Ti implants encouraged the investigation 
of TiO2-based coatings for their corrosion-resistant 
properties in dental implants. TiO2 coatings provide 
a barrier against corrosive agents and enhance the 
biocompatibility of dental implants, ensuring long-
term stability and functionality in the oral environ-
ment [85]. Combining TiO2 with other oxides (such 
as TiO2/ZnO and TiO2/ZrO2 nanocomposite coatings) 
results in higher corrosion resistance and biocompat-
ibility [78, 86]. To ensure long-term corrosion resist-
ance, also TiO2/HA and TiO2/BAG nanocomposite 

Figure  14   Optical image of a Ni orthodontic wire, b MoS2 coated Ni orthodontic wire and c WS2 coated Ni orthodontic 
wire. Reprinted with permission from [84]. Copyright 2019 MDPI.
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coatings have been developed [87]. These coatings 
have been tested thoroughly and proven highly effec-
tive for long-term service. In addition to TiO2, intro-
ducing nanoparticles of graphene oxide, or zirconia, 
into the HA-based coatings has been shown as an 
effective solution to enhance corrosion resistance. Like 
HA-based nanocomposites, bioactive glass composites 
have shown potential for use in dental restorations 
due to their ability to form a stable hydroxyapatite 
layer upon exposure to biological fluids, reducing the 
risk of corrosion and promoting osseointegration in 
dental implants.

In dental applications, corrosion protection coat-
ings are essential for defending metal instruments and 
implants, but they also present significant challenges. 
Ensuring strong adhesion of these coatings to dental 
surfaces, such as metallic wires and implants, presents 
a significant challenge that affects their effectiveness. 
Additionally, compatibility issues with specific metals 
or substrates may arise, impacting the integrity of the 
coating. Emitting corrosion protection agents through 
ion release or degradation could result in serious long-
term health issues. While these corrosion protection 
coatings can extend the lifespan of dental materials, 
they may require periodic maintenance due to poten-
tial degradation.

Drug delivery nanocomposite coatings

Drug delivery, particularly nano-scale drug-deliver-
ing materials, has gained widespread acceptance in 
medicine alongside the pioneering development of 
functional nanomaterials, as shown in Fig. 15 [88]. 
The drug formulations, especially comprising bio-
degradable nanomaterials, promote well-controlled 
and effective release by regulating local or systemic 
drug release rates, thus eliminating absorption issues. 
Nano-scale drug delivery systems often consist of 
nanocomposites, which combine nanoparticles and 
a matrix material to encase therapeutic agents like 
drugs or biomolecules. Such nanocomposite-based 
drug delivery provides innovative solutions for treat-
ing periodontal diseases and oral cancers [89]. Using 
such smart nanocomposites as coatings on implants 
and graft materials is an effective method for treating 
local inflammations, promoting tissue regeneration, 
and restoring bone.

Drug delivery nanomaterials are emerging as a 
transformative approach for treating periodontal 
diseases, which include gingivitis and periodontitis, 
characterized by inflammation and infection of the 
gums and supporting tooth structures [90]. Traditional 
treatments such as mechanical cleaning and antimicro-
bial therapy often face limitations in efficacy, patient 
compliance, and side effects [91]. In recent years, peri-
odontal diseases have been addressed with innovative 

Figure 15   Commonly used 
nanoscale drug delivery 
systems. Reprinted with 
permission from [88]. Copy-
right 2021 Springer Nature 
Switzerland AG.
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drug delivery coatings applied to grafts and implants, 
aiming to improve treatment efficacy and patient out-
comes [92]. Such coatings, ranging from antimicrobial 
to biocompatible options, serve multiple purposes, 
including preventing infections and promoting tissue 
integration. Moreover, these coatings target specific 
areas by locally delivering therapeutic agents like 
antibiotics or growth factors, reducing systemic side 
effects. This approach particularly benefits grafts and 
implants, where infection prevention and tissue heal-
ing are critical [93].

Various nanocomposite formulations are being 
explored, including liposomes made from phosphati-
dylcholine for encapsulating both hydrophilic and 
hydrophobic drugs and polymeric nanoparticles like 
those made from PLGA for controlled drug release to 
treat periodontal diseases [94]. Dendrimers, which are 
highly branched molecules such as poly(amidoamine) 
(PAMAM), can carry high drug payloads and possess 
intrinsic antimicrobial properties [95]. Metallic nano-
particles, including Ag and Au NPs, offer additional 
antibacterial effects alongside drug delivery [96]. 
Hydrogels, composed of natural polymers like chi-
tosan or synthetic polymers like PVA, can be loaded 
with nanoparticles for localized application in peri-
odontal pockets [97]. These advanced materials facili-
tate the delivery of antimicrobial agents to reduce 
infection, anti-inflammatory drugs to manage inflam-
mation, and regenerative agents like growth factors 
to promote tissue healing. Mentioned polymer-based 
coatings can be designed to incorporate agents like 
antiviral medications (e.g., acyclovir) or antifungal 
drugs (e.g., fluconazole, too [98].

Drug delivery nanosystems are also seen as effec-
tive and reliable solutions for the treatment of various 
cancer types [99]. Such nanoscale drug carriers target 
the tumor directly, eliminating the harmful side effects 
of traditional cancer treatments while also providing 
therapeutic benefits that aid in protecting and treat-
ing the disease. Nanoparticles made from natural 
polymers like chitosan, proteins, and cassava starch 
have been studied for their potential in formulating 
drugs for oral cancer therapy [100]. These polymers 
are favored for their ability to carry drugs and their 
natural biocompatibility. They are preferred due to 
their exceptional biocompatibility, biodegradability, 
and synthetic versatility.

In recent years, the potential use of drug-loaded 
coatings on scaffolds for local drug delivery represents 
a promising approach in oral cancer treatment. The 

Scaffold Mediated Localized Chemotherapy (SMLC) 
immediately after surgical removal of the tumor, 
before starting the chemotherapy and radiotherapy, 
becomes an effective approach (SMLC) [101]. Drug 
delivery nanosystems gain importance due to their 
possible application as coatings or surface modifica-
tions to scaffolds or grafts.

Although nanocomposite drug delivery provides 
a practical approach for oral cancer therapy, careful 
consideration is required when selecting the appro-
priate nanoparticles, encapsulating matrix material, 
and corresponding processing methods. The biodeg-
radability of both matrix and filler materials should 
be considered to prevent toxic reactions in the body. 
It is also essential to carefully consider the capacity 
for loading drugs as well as the rate at which they are 
released. Designing multifunctional polymeric nano-
particles and embedding them in a polymer matrix 
with well-controlled degradability can eliminate the 
mentioned limitations, ensuring efficient metaboliza-
tion and elimination of drug delivery systems.

In addition to polymeric nanoparticles, nanoparti-
cles composed of lipids, such as fatty acids, fats, and 
phospholipids, have been utilized in drug delivery 
formulations to treat oral cancer, too (Fig. 16) [102]. 
It has been demonstrated that utilizing various types 
of lipid-based nanoparticles, such as liposomes, 
exosomes, and phospholipid complexes, have been 
shown to increase drug bioavailability, boost drug 
accumulation in tumor tissues, and extend drug circu-
lation time. Lipid-based nanoparticles have numerous 
advantages for use in nano-drug delivery. However, 
some of these materials have low drug-loading capac-
ity and unpredictable biodegradability. To address 

Figure  16   Schematic structure of polymeric lipid hybrid drug 
delivery system.  Reprinted with permission from [102]. Copy-
right 2021 MDPI.
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these issues, combining lipid-based nanoparticles 
with encapsulating and other delivery materials can 
provide better control over biodegradability. Further-
more, functionalizing lipid-based NPs with targeting 
ligands can enhance their therapeutic efficacy.

Recent studies have shown that incorporating dif-
ferent inorganic nanoparticles, such as gold (Au), silica 
(SiO2), and magnetic nanoparticles, into nanocom-
posite formulations can effectively deliver antitumor 
drugs for the treatment of oral cancer [103]. Nano-
composite formulations have also utilized nanoscale 
graphene oxide and graphene quantum dots for this 
purpose [104]. Due to their high area-to-volume ratio, 
small size, and selective targeting, inorganic nanopar-
ticles have great potential for delivering drugs for oral 
cancer treatment.

In using inorganic nanoparticles as nanocarriers for 
oral cancer therapy, some limitations still need to be 
addressed. There are four main limitations associated 
with the use of inorganic nanoparticles for drug deliv-
ery: (1) potential toxicity, (2) limited tumor targeting, 
(3) poor biodegradability, and (4) limited drug loading 
capacity. By modifying the shape, size, and surface 
characteristics of the nanoparticles and embedding 
them in an appropriate matrix, it is feasible to address 
such issues.

Conclusion

Nanocomposites have become indispensable in 
modern dentistry, revolutionizing dental materials 
and procedures across multiple applications. These 
advanced materials, characterized by their nanoscale 
components embedded within a matrix, offer a host of 
advantages that address key challenges in oral health-
care. Nanocomposite finds applications in diverse 
fields of dentistry, such as fillers, contrast agents for 
imaging, implants, and prosthetic devices. Besides 
these applications of nanocomposites in bulk form, 
various nanocomposite coatings formulations have 
been explored. These nanocomposites are mostly used 
as (1) bioactive/osteoconductive coatings, (2) antibac-
terial/antimicrobial coatings, (3) tribological/corrosion 
protection coatings and (4) drug delivery coatings.

Natural and synthetic polymers are used as matrix 
materials to encapsulate brittle bioactive materials 
such as HA, BAG, and other inorganic or organic 
derivates forming a robust coating on implants. The 

polymeric part enhances elasticity and adhesion 
strength, while HA ensures bioactivity. This encap-
sulation mechanism is also effective for hosting anti-
bacterial agents (Ag, Cu, etc. ions) and drugs (anti-
cancer agents, periodontal diseases, etc.) to formulate 
functional nanocomposite coatings. In addition to the 
controlled release of desired agents, nanocomposite 
coatings can be formulated by incorporating 2D mate-
rials such as graphene, WS2, and MoS2.

Nanocomposites are increasingly being utilized 
in various applications within the field of dentistry. 
One area of focus is the development of new func-
tional nanocomposite materials with enhanced rem-
ineralization capabilities, incorporating bioactive 
nanoparticles such as calcium phosphate or bioactive 
glasses. These materials could facilitate the repair of 
early carious lesions and promote the regeneration 
of tooth structure, potentially offering a non-invasive 
alternative to traditional restorative treatments.

The integration of nanocomposites into 3D-printed 
scaffolds holds promise for personalized tissue engi-
neering approaches in dental regenerative medicine. 
For instance, researchers are exploring the use of 
nanocomposite scaffolds seeded with dental stem 
cells to regenerate pulp tissue in teeth affected by 
irreversible pulpitis.

Moreover, advancements in nanotechnology-
enabled dental implants are on the horizon, with 
nanocomposite coatings designed to enhance osse-
ointegration and prevent peri-implant infections. For 
example, implant surfaces modified with antimicro-
bial nanoparticles could reduce the risk of biofilm 
formation and peri-implantitis, improving the long-
term success of dental implant therapy.

Furthermore, the development of smart nano-
composites capable of releasing therapeutic agents 
in response to changes in the oral environment holds 
promise for targeted drug delivery in treating oral 
infections, inflammation, and periodontal diseases. 
By harnessing the unique properties of nanocom-
posites, these future innovations can transform den-
tal practice, offering minimally invasive, patient-
centered solutions for improving oral health and 
well-being.
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