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ABSTRACT
Introduction: Nanotechnology has been established in dental
specialities as a novel methodology for developing materials
with enhanced physical properties and antimicrobial potential.
In this review, we discuss the current progress, prospects, and
potential future applications of functional nanoparticles contained in nanomaterials as useful strategies for refining their
ability to resist occlusal forces, as well as oral biofilm management. We also provide an overview of the suggested antimicrobial mechanisms for these nanoparticles.
The purpose of this study was to use an evidence-based approach
to assess the possible applications of nanomaterials in various
fields in contemporary and potential future dentistry.

Methods: A comprehensive search of Medline (PubMed) and
the ISI Web of Science database was carried out.
Results: Nanomaterials have significant potential for decreasing
bacterial biofilm accumulation, inhibiting the demineralization
process, remineralizing dental tissues, and combating cariesrelated bacteria. However, their ability to withstand intraoral
forces needs to be further improved.
Conclusions: The results reviewed in this work present a bright
outlook and open doors for future clinical studies that will allow
admission of the therapeutic value of nanotechnology-based
dental materials.
Keywords: acrylic resins; graphene; nanocomposites; nanoparticles; silver.

ABSTRAKT
Wstęp: Nanotechnologia na dobre zagościła w poszczególnych
specjalizacjach stomatologicznych jako nowatorska metodologicznie idea wdrażania materiałów o zarówno podwyższonych
parametrach mechanicznych, jak i posiadających olbrzymi potencjał antymikrobiologiczny. Praca przedstawia obecny postęp,
perspektywy, potencjalne przyszłe zastosowania oraz ograniczenia nanocząstek w aspekcie wytrzymałości określonych
materiałów stomatologicznych oraz ich odporności na biofilm
jamy ustnej.
Celem niniejszego przeglądu piśmiennictwa była rzetelna analiza
potencjalnych korzyści i zagrożeń wynikających z zastosowania nanocząsteczek w jamie ustnej w świetle medycyny opartej
na dowodach, zarówno obecnie, jak i w niedalekiej przyszłości.

Metody: Przeszukano bazy danych Medline (PubMed) i ISI Web
of Science.
Wyniki: Nanomateriały posiadają znaczący potencjał hamujący
agregację płytki bakteryjnej, mogą przeciwdziałać procesom
demineralizacji, remineralizować tkanki zębów oraz zwalczać
określone typy drobnoustrojów. Jednakże ich zdolność do znoszenia dodatkowych obciążeń, a tym samym zwiększania wytrzymałości mechanicznej, nie znajduje potwierdzenia w obecnie
dostępnym piśmiennictwie i wymaga dalszych badań. Również
odległe skutki ich użycia, z potencjalną toksycznością włącznie, nakazują zachować dalece idącą ostrożność w stosowaniu.
Słowa kluczowe: akryl; grafen; nanokompozyt; kompozyty;
nanocząsteczki; srebro.

ENDODONTICS
Mineral trioxide aggregates (MTAs) have been extensively
used in all fields of endodontics. One of the major weaknesses of this material is the long setting time. Mineral trioxide aggregate is primarily composed of type 1 Portland
cement and bismuth oxide. In the cement, nanoscale SiO2
acts as a filler, improving the microstructure and accelerating the hydration process. In a study by Akbari et al. two

concentrations (8% and 10%) of nano-SiO2 were combined
with white MTA powder. After mixing with water, the setting
time and compressive and flexural strengths were measured and compared to those of pure MTA. The addition of
nano‑SiO2 to MTA accelerated the hydration process significantly, reduced the setting time, and had no adverse effect
on the compressive and flexural strengths of MTA. However,
there was no significant difference noticed between 8% and
10% nano-SiO2 concentrations [1].
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In another study, the effect of storage pH on the solubility
of white mineral trioxide aggregates (WMTAs), bioaggregates,
and nano-WMTA cements was compared. The results suggested
that the solubility of all the tested cements could be jeopardised
in an acidic environment, which might affect their sealing characteristics in a clinical situation. However, nano-WMTA cement,
because of its small particles and different additives, was capable of producing lower porosity in the set material, which
resulted in increased resistance to acidic environments [2].
The sealing ability of a new experimental nano-ZOE-based
sealer was also investigated. Three types of nano-ZOE-based
sealers (calcined at temperatures of 500, 600, and 700°C) and
two other commercially available sealers (AH26 and microsized
zinc oxide eugenol sealer) were studied. Microleakage in the
AH26 group was significantly greater than that in the three
groups of ZnO nanoparticles at all three evaluation intervals.
In addition, the apical microleakage of the ZnO micropowders
was significantly more than that of all the other materials. However, the sealing ability of the ZnO nanopowder sealers did not
differ significantly. The results of this study indicate that the
synthesised ZnO nanopowder sealers are suitable for use as
nanosealers in root canal therapy to prevent leakage. However,
further studies should be performed to verify their safety [3].
The use of metal oxide nanoparticles has attracted significant attention mostly because of their promising antimicrobial activity, along with their biocompatibility with mammalian cells. The in vitro and ex vivo antimicrobial efficiency of
nano-magnesium oxide (nano-MgO) aqueous solutions against
endodontic pathogens was investigated. The cytotoxicity of
nano-MgO at different concentrations was assessed using the
lactate dehydrogenase cytotoxicity assay (LDH assay). The
antimicrobial effectiveness of nano-MgO solutions (at several
concentrations), sodium hypochlorite (NaOCl), and chlorhexidine (CHX) gluconate against Staphylococcus aureus, Enterococcus faecalis (E. faecalis), and C. albicans were collated using the
direct contact method. An ex vivo model of decoronated and
experimentally infected human teeth was utilised to compare
the efficiency of a nano-MgO (5 mg/L) solution to that of NaOCl
(5.25%) in eliminating E. faecalis. There was no statistically
significant difference reported between nano-MgO solutions
(10 and 5 mg/L), 5.25% NaOCl, and 2% CHX gluconate in terms
of the time required to inhibit the growth of the tested pathogens (p > 0.05). In the ex vivo model of infected human teeth
6 h post-irrigation, there was no statistically significant difference between the CFU per millilitre of nano-MgO (5 mg/L) and
that of NaOCl (5.25%)-treated teeth (5–6 log scale reduction).
However, the nano-MgO group showed a significant decrease in
the value of CFU per millilitre (7 log scale) 24 h post-irrigation
(p < 0.05). At other testing times, namely, 24, 48, 72, and 168 h,
the levels of CFU per millilitre were significantly lower in the
nano-MgO group (2–3 log scale difference) as compared to the
NaOCl group, indicating the long-term antibacterial activity of
nano-MgO (p < 0.05). At 72 and 168 h post-irrigation, no detectable bacterial growth was observed in the nano-MgO group.
Nano-MgO aqueous solutions exhibited promising antimicrobial
activities, both in vitro and ex vivo, with marginal toxicity. As
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compared to NaOCl (5.25%), nano-MgO (5 mg/L) exhibits statistically significant long-term efficiency in eliminating E. faecalis from the root canal system. After additional investigations,
nano-MgO could be considered a new root canal irrigant [4].

PROSTHETIC DENTISTRY
Alginate nanomaterials could be used as antimicrobial agents.
A significant improvement in the relative bioavailability of
confirmed encapsulated drugs has been observed. In addition, these materials appear to be potentially useful for the
intermittent treatment of tuberculosis [5].
Alginate powders can be mixed with water containing Ag
hydrosol to create an impression material that exhibits antimicrobial activity, which reduces microbial cross contamination
by bacteria, yeasts, other fungi, and viruses from the contaminated impression to the casts. Antimicrobial root canal sealers/cements containing dilute Ag hydrosols are effective in the
permanent obturation of root canals following the removal of
the infected pulp and the placement of medicaments [6].
A variety of permanent dental cements, including epoxy
resin cements, glass ionomers, and resin-modified glass ionomer cements (used in fixed dentures) can be impregnated with
Ag hydrosol. Any number of commonly used permanent dental
cements can also be readily combined with the Ag hydrosol
solution. By adding Ag hydrosol to these cements, a continuous
dynamic antimicrobial bacteriostatic environment capable of
decreasing bacterial concentration can be furnished, and thus
post-operative inflammation, infection, and sensitivity can be
decreased, which is remarkably important with vital teeth [7].
Novel polyquaternary ammonium salt-containing antibacterial glass-ionomer cements have also been developed. All the
polyquaternary ammonium salt-containing cements exhibited
significant antibacterial activity, accompanied by a reduction
of initial compressive strength. Furthermore, it was concluded
that the experimental cement is a clinically attractive dental
restorative owing to its high mechanical strength and antibacterial functionality [8].

DENTURE STOMATITIS
Denture stomatitis is a frequent pathology in patients using
removable dentures. The etiological factors of this disease
primarily include infection with C. albicans, improper hygiene
of the oral cavity, and prolonged use of dental prosthesis [9].
The inhibition of C. albicans on denture resins can play a significant role in preventing denture stomatitis. The safety of
a new dental material with antifungal properties was analysed by Acosta-Torres et al. The results showed that PMMA-Ag
nanoparticle discs significantly reduced the adherence of
C. albicans and did not affect metabolism or proliferation. They
also appeared to prevent genotoxic damage to the cells. The
authors also claim to have developed a new biocompatible
antifungal PMMA denture-based material [8, 9].
ojs.pum.edu.pl/pomjlifesci
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Poly(methyl methacrylate) is widely used for the fabrication of removable dentures. Although NAg have been added
to PMMA because of their antimicrobial properties, their effect
on the mechanical properties of PMMA is unknown. Ghaffari
and Hamedi-rad investigated the effect of NAg on the tensile
strength of PMMA. Twelve specimens were prepared and
divided into two groups. Group 1 comprised PMMA without
NAg, whereas group 2 comprised PMMA mixed with 5 wt% NAg.
The mean tensile strength of PMMA in group 2 was considerably
lower than that in group 1, indicating that the incorporation of
NAg resulted in a significant decrease in tensile strength [9].
In four separate studies, Lee and Tsao [10], Lee et al. [11],
Boldyryeva et al. [12], and Casemiro et al. [13] added Ag-zinc
antimicrobial zeolites in low percentages to PMMA. This material can also be used as a valuable alternative to reduce microbial contamination of tissue conditioners, acrylic resin denture
bases, and acrylic base plates of removable orthodontic appliances. Zeolites are aluminium silicate crystalline structures.
The addition of 2.5% zeolites to PMMA resulted in decreased
flexural and impact strength [11, 14]. Ag zeolite nanoparticles
have been incorporated into mouth rinses and toothpastes [13].
Currently, powdered zinc citrate or acetate are also being incorporated to control the formation of dental plaque. Powdered
titanium dioxide is also commonly used as a whitener in toothpastes [15]. Moreover, nanoparticles can be used successfully
in other materials, including hydrogels [14, 15, 16]. Chladek et al.
presented a method for incorporating NAg into chemically
cured silicone soft-liner materials. The antifungal efficacy (AFE)
of the resulting composites containing 10–200 ppm NAg particles was 16.3–52.5%. This level of AFE is capable of preventing colonisation of C. albicans on soft denture linings [17, 18, 19].
Monteiro et al. combined the above method with nystatin (NYT)
and chlorhexidine digluconate (CHG). The data indicated that
NAg combined with either NYT or CHG exhibited synergistic
antibiofilm activity that was dependent on the species and
on the drug concentrations used. Scanning electron microscope (SEM) images showed that some drug combinations
were able to disrupt the Candida biofilm [20]. Nam et al. confirmed these results. In their study, a modified denture base
acrylic combined with NAg exhibited antifungal properties
and acted as a latent antifungal material with low release of
Ag ions. However, the colour stability was inadequate and still
needed to be improved [21, 22].
Organic-inorganic hybrid materials such as polyhedral oligomeric silsesquioxanes (POSS) are capable of improving the
mechanical properties of the methacrylate-based composites
and resins used in dentistry. Wang et al. investigated nanocomposites of methacryl isobutyl POSS [MI-POSS (bearing
only one methacrylate functional group)] and methacryl POSS
[MA-POSS (bearing eight methacrylate functional groups)]
to determine the effect of the structures on the properties of
dental resins. Monofunctional POSS exhibited a strong tendency
towards aggregation and crystallisation, whereas multifunctional POSS showed higher miscibility with the dimethacrylate
monomer. The mechanical properties and wear resistance
decreased with increasing amounts of MI-POSS, indicating
Pomeranian J Life Sci 2018;64(1)

that MI-POSS agglomerates act as mechanically weak points
in dental resins. The addition of small amounts of MA-POSS
improved the mechanical and shrinkage properties. However,
samples with a higher MA-POSS concentration showed lower
flexural strength and flexural modulus, indicating that there
is a limited range in which the reinforcement properties of
MA-POSS can operate. This concentration dependence is attributed to phase separation at higher concentrations of POSS,
which affects the structural integrity and thus the mechanical and shrinkage properties of the dental resin. These results
show that resin with 3% MA-POSS is a promising candidate
for resin-based dental materials [23].

RESISTANCE TO INTRAORAL FORCES
Melo et al. [24] incorporated amorphous calcium phosphate
(NACP) and NAg into a bonding agent for the first time, yielding
a material with potent antibacterial activity while maintaining
a strong dentin bond strength. The rationale for adding NACP
and NAg was to merge the Ca and PO43⁻ ions from NACP with
the antibacterial activity of NAg to inhibit biofilm formation
and caries. The addition of 0.1% NAg and 10–40% NACP did
not compromise the dentin bond strength; NACP was previously shown to exhibit high levels of Ca2+ and PO43⁻ ion release,
which could remineralize tooth tissue. The study by Melo et al.
showed that NACP presented little antibacterial activity. The
antibacterial effect was provided by NAg, which reduced the
total number of microorganisms. Metabolic activity and lactic
acid production were also greatly reduced. Antibacterial and
NACP-containing bonding agents may help inhibit residual
bacteria in the tooth cavity, hinder invading bacteria along
the margins, and remineralize lesions. The unique method for
simultaneously incorporating NACP, a remineralizing agent,
and NAg, an antibacterial agent, in the same adhesive may
have extensive applicability in other bonding systems, cements,
and novel dental adhesives [25].
Zhang et al. investigated the hybrid effects of ZrO₂ nanoparticles (nano-ZrO₂) and aluminium borate whiskers (ABWs)
on the flexural strength and surface hardness of PMMA, a denture base resin. Both nano-ZrO₂ and ABWs were modified by
a silane-coupling agent (Z6030) before being mixed with PMMA.
Various amounts of silanized nano-ZrO₂ and ABWs were combined with PMMA to prepare ZrO₂-ABW/PMMA composites.
The flexural strength and surface hardness of the composites
were evaluated using the three-point bending test and Vickers
hardness test, respectively. Fractured surfaces were observed
by SEM. The mechanical behaviours of the silanized ZrO₂-ABW/
PMMA composites were significantly improved. The flexural
strength reached a maximum value of 108.01 ±5.54 MPa when
2 wt% of nano-ZrO₂ was mixed with ABWs at a ZrO₂/ABW
ratio of 1:2, amounting to a 52% increase as compared to pure
PMMA. The surface hardness reached a maximum value of
22.50 ±0.86 MPa when 3 wt% of nano-ZrO₂ was mixed with
ABWs at the same ZrO₂/ABW ratio, which was an increase of
27% as compared to pure PMMA [26].
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A glass ionomer-containing respectively 3 wt% and 5 wt%
TiO2 nanoparticles showed improved fracture toughness, flexural strength, and compressive strength as compared to the
unmodified glass ionomer. However, a glass ionomer-containing
7wt% TiO2 nanoparticles exhibited a decrease in mechanical properties. In particular, the glass ionomer-containing
the above-mentioned 5 wt% and 7 wt% TiO2 nanoparticles
showed reduced surface microhardness. The setting time of
the glass ionomer-containing TiO2 nanoparticles was satisfactory and met the criteria for water-based cements. The addition of TiO2 nanoparticles to conventional glass ionomers did
not compromise their bond strength as a result of dentine or
fluoride release of the glass ionomer. The glass ionomer-containing TiO2 nanoparticles also exhibited improved antibacterial activity against S. mutans as compared to unmodified
glass ionomers [27].
Considering the above factors, investigations aimed at
developing modified acrylic materials with improved resistance properties have been conducted. One of the methods for
improving the resistance properties of acrylic materials is the
addition of a filler (bentonite) to the polymer. The production
of a composite by the addition of a filler is expected to enable
the production of a thinner, lightweight dental prosthesis that
would be more comfortable for the user. To achieve the latter
effect, the filler should be dispersed in the polymer matrix
to the maximum possible extent. Composites are materials
obtained through the combination of at least two component
materials with different characteristics and forms. A composite has characteristics that reflect the properties of its components according to their volume ratio [28].
The term ‘nanocomposites’ denotes a material consisting of
two phases, with one phase dispersed in the other on a nanometre level (109 m). In most cases the size of the nanocomposite structure falls within 100 nm, with sizes up to several
hundred nanometres occurring rather rarely [29]. The matrix
in the polymer nanocomposites can be either thermoplasticbased or thermally cured. In addition to the polymer, in most
cases, non-organic substances mainly consisting of various
types of laminar silicate or silica are also present. Fullerenes,
metals, and other non-organic compounds may also be present. Polymer nanocomposites are formed through the modification of conventional synthetic materials. The introduction of relatively small amounts (several parts by weight) of
a component crushed to nanometre-scale particle sizes (anisotropic nanoparticles of high shaping factor) to the matrix
significantly influences the features of the nanocomposite. The
polymer nanocomposites usually contain from 1 up to 5 parts
by weight (max. up to 10 parts by weight). After the addition
of the nanofiller, the composite shows considerable improvement in tensile strength and increased Young’s modulus, as
well as improved compressive strength.
Laminate silicates such as montmorillonite constitute the
most important group of nanofillers. The term stands for natural clay minerals and synthetic laminars such as magadite,
laponite, and fluorohectorite. Montmorillonites are the key
components of rocks known as bentonites. Both natural and
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synthetic laminars are used as nanofillers in nanocomposites.
The distinctive feature of montmorillonite is its sorption capability for certain cations and their retention after exchange, which
enables the modification of the mineral. The various methods
for producing PMMA-bentonite nanocomposites can be divided
into two categories. The first group is based on polymerisation
in mass or polymerisation in solvent, whereas the other includes
intercalation in an alloy [30]. The methyl methacrylate (MMA)
polymerisation reaction is carried out in the presence of dispergated and modified bentonite. The monomer penetrates the
mineral, forming a pack, causes reinforcement of the pack, and
is then separated from the mineral. The polymer chains, which
expand during the polymerisation process, are stuck between
the silicate layers, trapping the montmorillonite and allowing
the layers to separate. As a result, a filler-containing composite
with a high dispersion degree is obtained [31]. However, Spychaj et al. and Sobolewska et al. described an attempt to modify
a prosthetic material, namely Vertex R.S., with hydrophobic
bentonite/montmorillonite in order to improve the mechanical strength of dentures. Hydrophobized bentonite was dispersed in MMA by sonication and then polymerised by the
solution-precipitation method. The mechanical and optical
properties of the polymer composites containing the modified
montmorillonite were evaluated. However, the mechanical
properties of the denture were not improved. Their experimental results on bending strength and impact resistance suggest that the addition of a filler, regardless of the filler type or
method, reduces the mechanical properties of PMMA [32, 33].
Other authors have reported attempts to reinforce a prosthetic material by using material nets, glass, fabric, nylon fabric, carbon fabric, aramide fabric, and even Kevlar [34, 35, 36,
37, 38, 39, 40]. Although carbon-graphite reinforcements in
particular appear to be promising [34, 35, 36], more in vivo
studies are required [37].
Therefore, the use of nanoparticles might lead to improvements in mechanical properties such as wear resistance and
surface hardness of dental restorative materials [40, 41]. The
major difference between nanometric and micrometric particles is that nanoparticles have a significantly larger specific
surface area, which facilitates the transfer of loads from the
polymer matrix to the nanoparticles [42, 43, 44]. Consequently,
nanoparticle-reinforced hybrid systems present increased
stiffness and improved resistance to wear [42].
Protopapa et al. conducted a study on the possibility of
reinforcing PMMA resin with nanodiamonds (NDs) for fixed
interim dentures. The fracture toughness, impact strength,
and dynamic thermomechanical properties of a series of
PMMA-ND nanocomposites with various amounts of NDs
were evaluated. Although the fracture toughness increased
as the ND percentage increased up to 0.38 wt%, higher amounts
of NDs resulted in a decrease in the fracture toughness. The
impact strength and Young’s modulus also increased with
increasing amounts of NDs, indicating the reinforcing effect of
NDs. Dynamic mechanical properties were also modified. By
increasing the ND content, the storage modulus was improved,
whereas the glass transition took place at higher temperatures.
ojs.pum.edu.pl/pomjlifesci
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Under the limitations of this study, it can be suggested that
reinforcing PMMA with ND nanoparticles, especially at low
concentrations, may improve the general performance of fixed
interim restorations [45].

GRAPHENE
Carbon nanotubes (CNTs) are carbon atoms arranged in a crystalline graphene lattice with a tubular morphology. Carbon
nanotubes display high tensile strength, exhibit unique electrical properties, are durable, and can be functionalized. These
properties allow their application as structural materials in
electronics applications, as heating elements, in batteries, in
the production of stain-resistant cloth, for bone grafting and
dental implants, and for directed drug delivery. On the other
hand, carbon nanofibres are strong, flexible fibres that are
presently used to manufacture composite materials [46]. In
the future, fabricating a graphene-acrylic composite would
allow temperature sensing through the denture base plate
due to the significant increase in thermal conductivity by the
addition of graphene. The use of additional coatings would
amplify this effect and secure the denture against the ingress
of both microbial infiltration and residual monomer secretion.
However, the results of studies on rodents collectively
showed that regardless of the method by which CNTs were
synthesised and the types and amounts of metals they contained, the use of CNTs resulted in inflammation. Epithelioid
granulomas (microscopic nodules), fibrosis, and biochemical/
toxicological changes in the lungs were detected. Comparative
toxicity studies, where mice are given even weights of the test
materials, showed that SWCNTs were more noxious than quartz,
which is considered a serious occupational health risk material
if chronically inhaled. On the other hand, ultrafine carbon black
was shown to generate minimal lung response [47]. Graphene
was further shown to produce respiratory function impairments, decrease bacterial clearance after bacterial inoculation, damage the mitochondrial DNA in the aorta, increase the
percent of aortic plaque, and induce atherosclerotic lesions in
the brachiocephalic artery of the heart. It is hypothesised that
exposure to combustion-generated MWCNTs may play a significant role in air pollution-related cardiopulmonary disorders. Therefore, CNTs from manufactured as well as combustion sources in the environment could have adverse effects
on human health [48, 49].
However, with increasing attention to the use of graphene
and its derivatives in the field of biomedicine, systematic evaluation of their potential risks and their effect on biological
systems has become essential. Feng and Li conducted studies
on how surface coatings affect the cytotoxicity and extracellular biodegradation behaviours of graphene oxide (GO) and
its derivatives [50]. Although pristine GO could induce significant toxicity to macrophages, coating these two-dimensional nanomaterials with biocompatible macromolecules
such as polyethylene glycol (PEG) or bovine serum albumin
(BSA) could greatly attenuate their toxicity, as independently
Pomeranian J Life Sci 2018;64(1)

evidenced by several different assay approaches. On the other
hand, although GO can be gradually degraded through enzymeinduced oxidation by horseradish peroxidase (HRP), both PEG
and BSA-coated GO or reduced graphene oxide (RGO) are quite
resistant to HRP-induced biodegradation. In order to acquire
biocompatible functionalised GO that can still undergo enzymatic degradation, we conjugated PEG with GO via a cleavable
disulphide bond, obtaining GO-SS-PEG with insignificant toxicity and considerable degradability. This material is promising
for future biomedical applications [51].
Dental caries and periodontal diseases have a close relationship with microbes such as S. mutans, Porphyromonas gingivalis, and Fusobacterium nucleatum. Graphene oxide, which is
a derivative of graphene, plays an essential function in many
areas, including biology and medicine. In particular, it is recognised as a promising antimicrobial nanomaterial. He et al.
focused on the antimicrobial properties of GO vs dental pathogens. Using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide reduced test, CFU counting, growth curve
observation, live/dead fluorescent staining, and confocal laser
scanning microscopy, GO nanosheets were observed to be
highly effective in inhibiting the growth of dental pathogens.
Transmission electron microscopy images showed that the cell
walls and membranes of bacteria lost their integrity, and the
intracellular contents leaked out after they were treated by
GO. Therefore, GO nanosheets would be an effective antibacterial material against dental pathogens, which has potential
promising applications in contemporary dentistry [52].
Oral biofilms play a crucial role in the development of dental caries and other periodontal diseases. S. mutans is one of
the primary etiological agents causing dental caries. Implant
systems are regularly used to replace missing dentition. Oral
biofilms accumulate on these implants and are the principal
cause of dental implant failure. In one study, the potential of
graphene/zinc oxide nanocomposites (GZNCs) against the cariogenic properties of S. mutans was investigated, and the antibiofilm behaviour of artificial acrylic teeth surfaces coated
with GZNC was examined. Acrylic teeth are a good choice for
implants as they are low-cost, have low density, and can resist
fracture. Microscopic studies and anti-biofilm assays showed
a significant reduction in the formation of biofilms in the presence of GZNC. Graphene/zinc oxide nanocomposite was also
found to be nontoxic against HEK-293 (human embryonic kidney cell line). The results indicate the potential of GZNC as an
efficient coating agent for dental implants because it efficiently
inhibits the formation of S. mutans biofilms [53].
Human mesenchymal stem cells (hMSCs) have great potential as cell sources for bone tissue engineering and regeneration.
However, the control and induction of their specific differentiation into bone cells remain challenging. Graphene-based
nanomaterials are considered attractive candidates for biomedical uses, such as for scaffolds in tissue engineering, substrates for SC differentiation, and components of implantable
devices, because of their biocompatible and bioactive properties. Despite the potential biomedical applications of graphene and its derivatives, only limited evidence is available
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on their osteogenic activity. Lee et al. studied the effect of RGOcoated HAP composites on the osteogenic differentiation of
hMSCs. The average particle sizes of HAP and RGO were 1270
±476 nm and 438 ±180 nm, respectively. When coated on HAP
particulates, RGO synergistically enhanced the spontaneous
osteogenic differentiation of hMSCs without hampering their
proliferation. This result was confirmed by determining the
alkaline phosphatase activity and mineralization of calcium
and phosphate as early- and late-stage markers of osteogenic
differentiation. It is suggested that RGO-coated HAP composites can be effectively utilised as dental and orthopaedic bone
fillers because these graphene-based particulate materials can
potently stimulate the spontaneous differentiation of MSCs and
show superior bioactivity and osteoinductive potential [54].
Graphene oxide is a single-layer carbon sheet with a thickness of less than 1 nm. Graphene oxide has good dispersibility
owing to surface modification with various functional groups.
On the other hand, RGO is fabricated via the reduction of GO and
has lower dispersibility. Kanayama et al. examined the bioactivity of GO and RGO films, as well as collagen scaffolds, coated
with GO and RGO. The GO and RGO films were fabricated in
a culture dish. Some GO films were chemically reduced using
either ascorbic acid or sodium hydrosulphite solutions, resulting in the fabrication of RGO films. The biological properties of
each film were evaluated by SEM, atomic force microscopy, calcium adsorption tests, and MC3T3-E1 cell seeding. Then, GO and
RGO-coated collagen scaffolds were prepared and characterised
by SEM and compression tests. Each scaffold was implanted
into the subcutaneous tissue on the backs of rats, and the DNA
content and cell in-growth areas of the implanted scaffolds
were measured 10 days post-surgery. The results showed that
GO and RGO possess different biological properties. Calcium
adsorption and alkaline phosphatase activity were strongly
enhanced by RGO, suggesting that RGO is effective for osteogenic differentiation. The SEM results showed that RGO-modified collagen scaffolds have coarse and irregular surfaces. The
compressive strengths of the GO- and RGO-coated scaffolds
were approximately 1.7-fold and 2.7-fold higher, respectively, as
compared to the uncoated scaffold. The tissue in-growth rate
of the RGO-coated scaffolds was 39% as compared to 20% in
the GO-coated scaffold, and 16% in the uncoated scaffold. These
results suggest that GO and RGO coatings affect the biological properties of the collagen scaffolds, and that RGO-coated
scaffolds are more bioactive than GO-coated scaffolds [55].

PERIODONTICS AND IMPLANT DENTISTRY
Kohgo et al. studied the correlation between the osseointegration of dental implants and tissue-engineered bones using
a nanofibre scaffold, PuraMatrix® (PM). The first molar and all
the premolars in the mandibular regions of dogs were extracted,
and three bone defects were prepared with a trephine bur
on both sides of the mandible after 4 weeks. The experimental
groups were as follows: (1) PM, (2) PM and dog mesenchymal
stem cells – dMSCs, (3) PM, dMSCs, and platelet-rich plasma,
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and (4) control (defect only). The implants were placed in the
prepared areas 8 weeks later and were assessed by histological and histomorphometric analyses (bone-to-implant contact – BIC). The BICs for groups 1, 2, 3, and 4 were 40.77, 50.35,
55.64, and 30.57%, respectively. The results indicate that PM
may be beneficial as a scaffold for bone regeneration around
dental implants [56].
In the next study, nano-calcium deficient HAP (n-DA)/
multi-(amino acid) copolymer composite scaffolds were prepared by the injection moulding foaming method using calcium sulphate dihydrate as a foaming agent. The composite
scaffolds exhibited pores that remained well interconnected,
with pore sizes ranging 100–600 μm, a porosity of 81%, and
a compressive strength of 12 MPa. The compressive strength
was visibly affected by the porosity. The composite scaffolds
slowly degraded in phosphate buffered solution (PBS), and
the initial concentration of the composite scaffolds (61 wt%)
decreased after immersion in PBS for 12 weeks. Additionally,
the porosity of the composite scaffolds significantly affected
their degradability. Moreover, it was found that the composite
scaffolds promoted MG-63 cell growth and proliferation and
enhanced its alkaline phosphatase activity. The implantation
of the scaffolds into the femoral bone of rabbits proved that
the composite scaffolds were biocompatible, degradable, and
osteoconductive in vivo [57].
Establishing periodontal-like connective tissue attachment
is one of the outstanding issues in implant dentistry. Organized
nanotopographic titanium surfaces may be used to achieve
periodontal-like connective tissue attachment with activation
of the fibroblastic function. Hong et al. studied the gingival
fibroblastic function and connective tissue attachment on two
types of nanotopographic titanium surfaces created by alkali
heat (AH) treatment. The surface topography of commercially
pure titanium turned discs with or without acid etching or two
types of AH treatment were evaluated by SEM. Rat gingival
fibroblasts cultured on the discs were evaluated in terms of
cellular adhesion, collagen synthesis, and physicochemical
binding strength of the deposited collagen on the surfaces.
The turned or AH-treated pure titanium mini-implants were
placed on the hard palatal plate of rabbits, which were subjected to histological evaluation at 8 weeks post-surgery. The
AH-treated surfaces were characterised by numerous wellorganized fine nanospikes with crevasses and nanoholes and
a uniform shaggy nanotopography with a sponge-like inner grid.
These nanotopographic surfaces exhibited enhanced cellular
adhesion and collagen synthesis as compared to the turned or
acid-etched surfaces, and the binding strength of the deposited
collagen was enhanced sufficiently to withstand experimental overloading and inflammation by the inclusion of collagen
fibres into the surface. The AH-treated mini-implants allowed
the inclusion of gingival connective tissue into the nanotopographic surface structure, with the direction of the collagen
fibre mimicking the periodontal tissue in the transmucosal area.
These features were not seen on the turned surface implants.
The well-organised nanotopographic titanium surface with
nanospikes and pores developed by AH treatment enhanced
ojs.pum.edu.pl/pomjlifesci
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gingival fibroblastic collagen synthesis, and periodontal-like
connective tissue attachment was achieved with substantial
detachment resistance [58].

ORTHODONTICS
Nano-Ag ions exhibit antimicrobial effects against a large number of bacterial species, including S. mutans and lactobacillus
species when added to the adhesives for bonding orthodontic
brackets [59]. It has also been proven that NAg ions successfully block an ‘entrance’ for HIV [60, 61, 62].

TISSUE-ENGINEERING PERSPECTIVE
The introduction of nanosized particles has significantly revolutionised tissue engineering. At significantly smaller sizes,
these particles have greatly increased surface areas per unit
volume and enhanced quantum effects as compared to largesized particles, thus improving the performance of materials [63]. Collective advancements in nanotechnology have enabled the fabrication of innovative scaffolds such as composite
nanofibrous scaffolds that simulate the matrix environment in
which cells can be accommodated to proliferate and differentiate towards desired lineages [64]. Nanometre-sized fibres can
be processed to form highly porous scaffolds that allow easy
cell migration and nutrient diffusion. Not only do they provide
a large surface area for cell attachment, they also permit the
delivery of drugs and growth factors because of better porosity, thereby allowing interactions between cells and the extracellular matrix, as seen during regular tissue development.
Nanofibrous scaffolds that promote functional tissue regeneration can be created by simple coating methods, the blending
of polymeric-bioactive molecules, or by surface modification
methods. Hydrophilization, electrospinning, and, more recently,
electrospun-electrospraying are some of the methods that enable the synthesis of polymeric and composite nano-scaffolds
suitable for specific biomedical applications [65].
Creating a controlled microtexture on the implant surfaces
via additive surface modification techniques with bioactive
nano-HAP has been proven to positively influence guided
tissue regeneration. Nanostructured HAP provides a close
connection with adjacent tissues and quick resorption characteristics as compared to bulk HAP. It has also been shown
to increase the proliferation rate of periodontal ligament cells
(PDL), probably by activating the epidermal growth factor
and its downstream targets [66]. Modifying the polymer surface with cell adhesive ligands such as an arginine-glycineaspartic acid peptide derived from fibronectin improves cell
adhesion and interaction. Huang et al. studied the effect of
artificial bioactive nanostructures, namely, branched peptide
amphiphile molecules containing arginine-glycine-aspartic
acid, on ameloblasts such as cells and enamel organ epithelial
cells of mouse embryonic incisors. In both the cell and organ
culture models, enhanced cell attachment and proliferation
Pomeranian J Life Sci 2018;64(1)

with greater enamel-specific protein expression levels were
observed. Introducing cell cleavable groups in polymeric hydrogels also improved cell penetration [67].

NANOPARTICLES FOR DRUG DELIVERY
Incorporating bioactive molecules into matrix materials
enhances regenerative capacities. Nanotechnology has enabled the delivery of growth factors into a scaffold matrix by
using vehicles such as agarose beads, alginate gels, collagen
sponge, sandwich collagen membranes, hydrogel microspheres,
and β-TCP. These vehicles are released locally into the scaffold
at suitable times [68]. Microspheres are drug-encapsulating
polymer matrices utilised for the slow and sustained release
of the drugs [69]. Low-molecular-weight polymers form porous
microspheres that release drugs quickly, whereas high-molecular-weight polymers form dense microspheres that release
the drugs gradually. Polylactic-co-glycolic acid microspheres
that release vascular endothelial growth factor when delivered into porous scaffolds have provided prolonged release of
the growth factor for up to 21 days, resulting in significantly
enhanced angiogenesis [70]. Nanotubes used for drug delivery provide greater inner volumes for containing the desired
chemical or biochemical species as compared to spheres, and
offer distinct inner and outer surfaces that can be differentially functionalised [71, 72]. Complex drug delivery systems
that allow the differential release of multiple bioactive molecules in regulated and sustained doses and provide multiple
signalling requirements need to be further investigated. Tissue
engineering is one of the recent emerging innovations, and its
potential is being widely tested and utilised in numerous medical branches. Biomaterials are essential in tissue regeneration
as they serve as porous frameworks over which all the other
ingredients for tissue regeneration are laid. Research related
to biomaterials has principally focused on the fabrication of scaffolds with optimum physical, chemical, and mechanical properties while including biomolecules and their controlled delivery
to promote cell survival and cell-scaffold interactions. With the
advent of microscale and nanoscale technologies, it has become
possible to design and fabricate scaffolds that are not only large
three-dimensional forms but also to provide a three-dimensional
micro-environment that supports cell behaviour, tissue function,
implantation, and host integration. Although an immense amount
of research is still required to regenerate tissues with clinically
applicable structures and functionalities, the applicability of
stem cells and biomaterial sciences for dental reconstruction
cannot be understated and offers a promising future [73, 74].

DISCUSSION
A significant challenge in nanotechnology is the toxicity-free
synthesis of metal nanoparticles. Secrets discovered from
nature have led to the development of biomimetic approaches
for developing advanced nanomaterials [75]. The interaction
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of nanoparticles with biomolecules and microorganisms is
a growing field of research. Many investigations have been
performed on the bactericidal effects of nanoparticles and their
application in plastics and health [76]. In recent years a rapid
increase in microbial strains that are resistant to conventionally used antibiotics has been observed [77, 78]. With the emergence and increase of microbial organisms resistant to multiple antibiotics and the ongoing emphasis on healthcare costs,
many scientists are attempting to develop new and effective
antimicrobial reagents that microorganisms are not resistant
to, and that are cost-effective. Such problems and needs have
led to a resurgence in the use of nano-sized antiseptics that
may result in broad-spectrum activity and a far lower propensity to induce microbial resistance than antibiotics [79, 80].
Because of their small size nanoparticles may offer additional advantages to the biomedical field through improved
biocompatibility. Furthermore, it appears that bacteria are
far less likely to acquire resistance against metal nanoparticles, in contrast to other conventional and narrow-spectrum
antibiotics. This is attributed to the fact that metals may act
on a broad range of microbial targets, and many mutations are
required for microorganisms to develop resistance. The shape
of the nanoparticles may also influence their activity [65]. Many
metals have been used for centuries as antimicrobial agents.
Copper, gold, titanium, and zinc in particular have drawn attention, with each one having different properties and spectra of
antimicrobial activity [81, 82]. The broad antibacterial activity of nano-Ag reduces patient infection, dependence on antibiotic use, and associated costs. There is an opportunity for
improvement in the areas of stabilising and prolonging the
antibacterial effects of nano-Ag coatings for medical applications to prevent infection and inflammation. Finally, with the
widespread adoption of nano-Ag, several concerns regarding
its toxicity remain and need to be addressed [83]. The use of Ag
has been severely limited by the toxicity of Ag ions to humans.
However, nanotechnology has aided the production of smaller
Ag particles with larger surface area to volume ratios, greater
efficacy against bacteria [84], and, more importantly, lower toxicity to humans [85]. The mechanisms underlying the impressive biological properties of nano-Ag are still not sufficiently
understood, and therefore are priority candidates for future
in vivo research [86, 87].
In a study by Freitas et al., the control group had low cadmium, copper, and zinc ion concentrations (p > 0.05), whereas
the ion concentration of Ag was below the detection limit. In
the study group, all the ions showed significant concentrations
10 min after the placement of a silver solder-containing orthodontic appliance (p < 0.001). The highest mean concentration
was for copper (70.60 μg/L) and the lowest mean concentration
was for zinc (0.07 μg/L). Comparisons between groups revealed
significant differences for copper (all time periods), zinc (10 min,
24 h, and 7 and 30 days), and cadmium (only at 10 min). Large
amounts of these ions were released, with the highest concentrations observed immediately after the intraoral placement
of the appliance [88, 89]. A study by Elshahawy et al. on fixed
prosthodontics also confirmed these results [90].
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Nano-TiO2 constitutes another class of nanocomposite that
has found wide application in orthopaedic and dental implants.
However, there are recent reports indicating the induction of
cardiac toxicity by these nanoparticles, especially in patients
with cardiac disorders. Thus, one must also consider the overall pathophysiological state of the patient prior to the use of
these nanoparticles [91]. In summary, with the increased use
of inorganic, carbon-based, and non-biodegradable micro/
nanoparticles in the area of bionics, one must not neglect toxicological evaluations to determine their safety with long-term
use in order to facilitate their successful admission into the
dental market [92].

CONCLUSIONS
Nanoparticles have come a long way, and have become one of
the most effective antibacterial agents as a result of their large
surface area-to-volume ratios. They can be used as effective
growth inhibitors for various microorganisms. Furthermore,
nanoparticles can be modified to achieve enhanced efficacy
and make their application possible in various areas, such as in
the development of dental and medical biomaterials. However,
long-term antibacterial, physical, and clinical effects, along with
their impact on living organisms, should be carefully investigated in forthcoming studies.
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