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A B S T R A C T

Despite the commendable milestones achieved in molecular maxillofacial pathology in the last decade, there
remains a paucity of utilization of ancillary nanomolecular tools that complement the omics-based approaches. As
the advent of omics science transforms our understanding of tumour biology from a phenomenological to a
complex network (systems-oriented) paradigm, several ancillary tools have emerged to improve the scope of
individualized medicine. Targeted nano drug delivery systems have significantly reduced toxicity of chemo-
therapeutic agents in a precise manner. Many conventional cancer therapies are limited in efficacy and this has
led to the emergence of nanomedical innovations. Despite the success of nanomedicine, a major challenge that
persists is tumour heterogeneity and biological complexity. A good understanding of the interaction between
inorganic nanoparticles and the biological systems has led to the development of better tools for individualized
medicine. Tools such as the composite organic-inorganic nanoparticles (COINs) and the quantum dots (QD) have
significantly improved the identification and quantification of disease biomarkers, histopathological detection
methods, as well as improving the clinical translation and utility of these nanomaterials. Nanomedicine has lent
credence to several multipronged theranostic applications in medicine, and this has improved the medical
practice tremendously. Despite the palpable influence of nanomedicine on the delivery of individualized medical
therapies, the term “nanodentistry” remains in the background without much hype, albeit some progress has been
made in this area. Hence, this review discusses the potential and challenges of nanodentistry in the diagnosis and
treatment of maxillofacial pathologies, particularly cancer in resource-limited settings.
1. Introduction

Globally, cancer is reportedly a major cause of death, and a commonly
diagnosed disease [1]. A 2018 estimate revealed the global incidence and
mortality rates of cancer to be 18.1 and 9.6 million, respectively [1]. It is
caused by the uncontrollable proliferations of abnormal cell growth or
cell division which has ability to invade other parts of the body through
metastasis [2]. Over the years, the use of radiation, surgery, hormonal
therapy and chemotherapy have gained popularity in cancer treatment.
Unfortunately, these approaches come with several limitations and side
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effects some of which includes; destruction of healthy cells, hair loss,
vomiting, loss in some parts of the body, nausea and vulnerability to
different kinds of infections. These therapies can also result in cardio-
vascular diseases such as, myocardial ischemia, hypertension, hypoten-
sion, edema, conduction disorders, thromboembolic complications and
pericarditis, among others [3,4]. Repopulation of tumour cells has also
been reported during fractionated radiotherapy which can lead to the
delocalization of tumour cells. Also, the occurrence of multidrug resis-
tance is another significant challenge [5,6]. These shortcomings put
together, birthed the evolution of nanotechnology in cancer treatment.
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Nanotechnology is a burgeoning field, involving the application of
nanostructured materials (typically in the 1–100nm size range) to pro-
vide solutions based on knowledge in various fields of science [7].
Nanomaterials have been described by the International Organization for
Standardization (ISO) as a “material with any external nanoscale
dimension or having internal nanoscale surface structure” [8]. Based on
this definition, materials like nanotubes, nanofibers, nanowires, nano-
plates, quantum dots (QDs) etc., are referred to as nanomaterials.
Nanomaterials can be organized into four classes, viz: inorganic-based,
carbon-based, composite-based and organic-based nanomaterials [7, 8,
9, 10]. Albeit, several other classification systems have been advanced
based on crystalline form/chemical composition [11], particle shape/-
dimensionality (0D,1D, 2D, or 3D) [12,13], and origin (natural or syn-
thetic) [14, 15, 16].

Human activities and other biological species can influence the gen-
eration of natural nanomaterials. Artificial surfaces with nano/micro-
scaled characteristics can be produced by natural nanomaterials which
are present in the atmosphere, lithosphere and biosphere [7]. Synthetic
nanomaterials can be generated from engine exhaust smoke or by me-
chanical grinding. They can also be engineered by biological, chemical,
physical or hybrid methods [7]. Considering that the fate and behavior of
synthetic nanomaterials is difficult to predict in various environments (as
compared to natural nanomaterials); the fabrication and release of syn-
thetic nanomaterials for industrial application and consumer products,
has called for caution and careful risk assessment in recent times [7].

2. Nanotechnology in cancer diagnosis

Despite the various available diagnosis techniques, till date, cancer is
still responsible for millions of deaths globally and several recurrence
cases after treatment are still reported. From a chronologic point of view,
this could be as a result of late (after metastasis) diagnosis in over half of
cancer patients. Other reasons have to do with sensitivity and specificity
of available diagnostic combination chemotherapies [17,18]. Still in the
same context, available diagnostics are insufficient to detect and forecast
successful treatment and survival of cancer patients who rely immensely
on early detection [17,18].

In recent years, the application of nanotechnology for cancer has
received considerable attention, cutting across various interdisciplinary
research areas and is believed to enhance researches focused on cancer
detection, diagnosis and treatment. The growing nanotechnology field
presents matchless promises in cancer diagnosis over the existing clinical
diagnostic devices because nanotechnology substantiates a multilevel
diagnosis cutting across tissue imaging, cell imaging to molecular im-
aging [19].

In molecular cancer diagnosis, the interface between biomarker dis-
covery and nanotechnology holds significant prospect, particularly
because panels of biomarker on complete cancer cells and tissue speci-
mens can be quantified using nanoparticle (NP) probes [20]. Cancer
biomarkers are inevitably one of the most valuable tools for early
detection, precise cancer pre-treatment staging, evaluating response to
chemotherapy andmonitoring disease progression [21]. Although, found
in blood, serum or urine, biomarkers can also be detected in or on tumour
cells. With the development of proteomic technologies, many promising
protein biomarkers have been uncovered for various types of cancer. A
typical example was carried out among a South African cohort [22],
where they identified several urinary proteins as potential biomarkers for
prostate cancer.

2.1. Application of nanotechnology in bioimaging and detection

Nanoparticles with sizes between 10 to 100 nm have prolonged cir-
culation time, a familiar drawback to the delivery of small molecular
imaging agents [23]. Overlooking their shortcomings and focusing on
various properties, a smart NP containing target-specific contrast agents,
multimodality imaging probes or multifunctional reagents for concurrent
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imaging and therapy can be designed [24]. Remarkably, several studies
have highlighted that molecular imaging of living cells and whole or-
ganisms is a crucial tool for investigating cancer and evaluating efficacy
of cancer therapies [18,25].

2.1.1. Nanomaterials in biomedical imaging applications
Imaging plays a key role in cancer diagnosis, staging, and assessment

of treatment efficacy. There is a wide range of nanomaterials used in
biomedical imaging which includes NIR-absorbing carbon (such as gra-
phene and carbon nanotubes), metal (Au, Ag, Pt, Pd), quantum dots (such
as CdTe, CdSe) based nanostructures, magnetic (iron oxides) and
upconversion composite NPs (e.g NaGdF4:Yb:Er) [26]. However, this
review would focus on commonly used NPs such as quantum dots, gold
NPs and magnetics in biomedical imaging applications.

2.1.2. Quantum dots (QDs)
QDs are fluorescent semiconductor nanocrystals with unique optical

and electrical properties and about ~ 3–8 nm in size [27]. QDs possesses
a narrow linewidth in the emission spectra, wide array of optical prop-
erties when compare to other organic fluorophores, continuous emission
maxima as a result of quantum size effects, a comparatively long fluo-
rescence lifespan and insignificant photobleaching over minutes to
hours. These properties make QDs good for medical imaging applications
after conjugation with specific bioactive moieties [28,29]. In recent
trends, there is an increasing application of QDs in the biomedical field
particularly as fluorophores for in-vivo fluorescence imaging. Several
studies have provided compelling evidences of the efficacy of QDs in
biomedical imaging. For example, a work done by Kim and co-workers
developed a type-II band engineered QDs (CdTe/CdSe(core/shell) and
CdSe/ZnTe(core/shell)). Using mouse and pig, they showed that these
QDs allows sentinel lymph node mapping and major cancer surgery to be
executed in large animals under complete image guidance [30]. Gao
et al., have also developed a new class of polymer-encapsulated and
bioconjugated QD probe for in-vivo cancer imaging and targeting. These
NP probes have triblock polymer structure, targets tumour sites using
both passive and active mechanisms and allow sensitive and multicolour
imaging of cancer cells in living animals when coupled with wavelength
resolved imaging [31]. Recently, a hybrid QD was developed by com-
bination of Gd3þ and QDs as dual modal agent for in vivo imaging and
magnetic resonance imaging (MRI) [32]. Dubertret et al., showed that
encapsulated QDs in phospholipid block-copolymer micelles acted
excellently as a fluorescent probe by providing significant reduction in
photobleaching and low non-specific adsorption [33]. Another inter-
esting long-term study using BALB/c mice documented that QDs remain
fluorescent in the bone marrow and lymph nodes in vivo for over four
months, signifying remarkable stability of these probes [34].

2.1.3. Gold nanoparticles (AuNPs)
Over the years, AuNPs have gained attention of researchers in the

field of bioimaging because of their distinctive optical properties due to
their localized surface plasmon resonance (SPR), facile conjugation to
biomolecules and biocompatibility [35]. The synthesis of this nano-
material could be in benign environment, an important factor in view of
nanomaterial toxicity and safety in biomedical settings. As highlighted by
Chen et al., AuNPs are tolerable, and colorimetric contrast in AuNPs
treated cells could be regulated by size, shape, and interestingly, the SPR
of AuNPs could scatter or absorb light in the near-infrared spectrum
when excited, making them excellent in vivo optical imaging agents [36].
For the first time, Hainfield and co-workers, investigated the use of Au as
an X-ray contrast agent in detecting tumour in BALB/c mice and showed
that AuNPs were cleared via the kidney and bladder and do not
concentrate in the liver and spleen, probably due to their small size. They
concluded that AuNPs are valuable X-ray contrast agents when compared
with existing agent because they present novel pharmacokinetic and
physical benefits. Au nanorods have also been conjugated with UM-A9
antibodies in squamous cell carcinomas of the head and neck (SCHNN)
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and it was reported that the existence of SCCHN may be identified. The
increased assembly of AuNPs on targeted SCHNN cells generated effi-
cient X-ray attenuation when compared with normal cells or untargeted
cells [37]. Other interesting works have evaluated and documented the
role and promise of AuNPs [35,38, 39, 40, 41].

2.1.4. Magnetic nanoparticles
Like other nanomaterials, magnetic nanoparticles (MPs) are gaining

popularity as tools in biomedical field based on their biocompatibility
and functional surfaces. Metallic nanoparticles such as gold and iron
oxide can be employed as X-ray contrast imaging agents due to their
short-term low toxicity and X-ray absorption capabilities [29], hence
demonstrating a relatively better biocompatibility at lower concentra-
tions, as well as acceptable functional surfaces and magnetic saturation
[29]. Recently emerging magnetic particle imaging (MPI) techniques
have employed a non-ionizing imaging technique for specific
non-invasive diagnostic imaging, with better temporal and spatial
resolution [29,42,43]. This takes advantage of the dynamic quantifi-
able superparamagnetic nature of magnetic nanoparticles during
cellular binding to achieve tissue specificity and lower toxicity levels
[43].

Based on this, iron oxide NPs have been functionalized with en-
zymes, proteins, antibodies and nucleosides for infected tissues such as
tumour [29]. A review by Frey et al., highlighted the techniques
involved in obtaining MPs and how to functionalize these nano-
materials for biomedical usages, specifically in bioimaging [42]. Iron
oxide NPs are well known for their strong magnetization with transient
toxicity in vivo, more so, they have been employed as vehicles for
genes, drug and radionuclides in human medicine [43,44]. When
conjugated with paclitaxel, iron oxide and Au released paclitaxel when
exposed to phosphodiesterase, additionally, paclitaxel-conjugated NPs
had magnetic tracking ability and good hydrophilicity [45]. Extensive
work investigating MPs as MRI contrast have shown that they are
excellent tools in detection, diagnosis and management of cancer. Xie
et al., synthesized ultrasmall c(RGDyK)-coated Fe3O4 NPs by thermal
decomposition of Fe(CO)5 with 4-MC followed by air oxidation. The
study documented a novel method of synthesizing and functionalizing
Fe3O4 NPs as contrast tool for probable in vivo tumour-specific target-
ing abilities using MRI [46]. Montet et al., (2006) [47] designed a
magneto/fluorescent nanoparticle conjugates that enhanced visualiza-
tion of normal and tumour cells by MRI. The magneto/fluorescent NPs
labelled with bombesin targeted bombesin binding receptors of rodent
pancreas, hence resulting in reduction of T2 signal of normal pancreas
tissue.

3. Nanotechnology in cancer treatment

Nanotechnology approach for cancer treatment came to limelight
over two decades ago following its first approval by FDA [48], and it is
fast growing due to its effectiveness in the treatment of cancer and fewer
side effects posed to the patient.

Nanotechnology has been considered as a vital field that encompasses
knowledge from other areas of science such as; chemistry, physics,
biology, medicine and engineering. Cancer nanotechnology is an aspect
of nanotechnology which make use of nanomaterials applications (NP for
tumour-targeted drug delivery, tumour imaging and hyperthermia, and
other nanotechnology approaches (NP-based theranostics)) to treat and
diagnose cancer [49, 50, 51, 52]. This approach presents the means of
targeting or delivering anticancer drugs directly and more precisely to
neoplasms and cancerous cells without harming the healthy or normal
cells. Nanotechnology has been shown to increase the survival rate and
have lesser risk to cancer patients. This technique has been used in
monitoring surgical resection of tumourous/cancerous cells, improve-
ment in the therapeutic effectiveness of radiation-based and other
existing treatment methods.
3

3.1. The concepts and mechanisms of nanotechnology-based therapy in
cancer

Nanoparticulate materials are very unique in properties such as; size,
morphology and distribution [53]. Drug-loaded nanoparticulate system
can promote natural key components of immune system (antibodies and
cytokines) which simultaneously fight and overcome diseases at the
molecular level [54,55]. There are several types of nanoparticulate sys-
tems which have been employed in cancer treatment some of which
include carbon nanotubes [9], liposomes [11], dendrimer [17], metallic
NP, polymeric micelles [10,11], polymeric NP [11] and nanocrystals [7].
This approach provides suitable opportunities for multimodal,
site-specific drug delivery to the tumour sites and increase the survival
rate of cancer patients.

The use of prodrug micelle nanomaterials in cancer treatment is not
only restricted to the delivery of drugs into a specific tumour sites
(Figure 1), they can also be used in the encapsulation of several smaller
molecular compounds due to their properties [49,52]. In tumour cells or
tissues, the nanoparticulate delivery systems enhances the permeability
and retention of anticancer drugs than normal tissues [53]. Plasmonic
materials (such as gold and magnetic NPs) can photothermally activate
photosensitive drug conjugate release [35]. This photo-ablative mecha-
nism can improve cancer drug delivery in a controllable manner, via a
targeted cancer cell pore widening and improved drug absorption [41].
The localized SPR and intra-band activation and decay of AuNPs elec-
trons, plays a key role in this photothermal drug conjugate induction by
light in the visible to infrared wavelength range [40].

More so, due to the large surface area of nanomaterials, they can be
employed as site directed targeted therapy in cancer when functionalized
or conjugated with peptides, antibodies, DNA or RNA strands, aptamers
and other small molecules (Figure 2). The site directed targeted therapy
concept has been an effective approach in cancer treatment due to the
presence of several molecular receptors located on the surface of the
endothelial layer of the tumour cells which aids the endothelial cell
adhesion molecule-mediated targeted drug delivery process [56,57].
Nanotechnology has also offered an alternative approach in circum-
venting multidrug resistance due to the capacity of nanoparticulate sys-
tems to by-pass the drug efflux mechanism [50,51].

Recently, Carton and co-workers [49] used nanotechnology approach
in delivering a cationic hydrophilic drug, pentamidine isethionate, in an
in vitro study using breast (MDA-MB-231) and human lung (A549) cancer
cell lines; based on the drug sensitivity to these two types of cancers. In
this study, it was discovered that there was formation of polyelectrolyte
complexes following the interaction between the cationic pentamidine
and anionic hyaluronic acid, and these interactions result in the pro-
duction of polyarginine and hyaluronic acid loaded pentamidine NP.
Succeeding the in vitro cell studies, it was shown that the
pentamidine-loaded NP are more cytotoxic to the cancerous cells when
compare to the free drug. This study corroborated an in vivo experiment
carried out by Zhong et al [52], where hyaluronic acid-activated
acid-shelled paclitaxel prodrug micelles was used to target
CD44-overexpresion in xenografts model of human breast tumour. It was
discovered in this study that hyaluronic acid moieties of the nano-
particulate system (micelles) loaded with paclitaxel had significant
effectiveness in treating mice with MCF-7 human breast tumour xeno-
grafts by completely inhibiting the breast tumour growth, and the mice
showed 100% survival rate throughout the experimental period of 55
days with little or no side effects. It was concluded in the experiment that,
hyaluronic acid-based micelles loaded paclitaxel has a great ability to
localize and target the CD44 receptor overexpression in human breast
tumour.

Li and co-workers [51] investigated the activity of mesoporous silica
nanoparticulate nucleus targeted system, loaded with thermotherapy and
hypoxia-activated chemotherapy, as well as surface engineered with
anti-CD133 and thermal-triggered exposure of TAT peptide on cancer
stem cells. It was shown that, the release of the drugs from the NP system



Figure 1. Schematic diagram of nanotechnology application in cancer treatment: the nanocarriers passively target the tumour and enhanced the permeability and
retention effect of long-circulating polymeric therapy. There is a preferential extravasation of nanocarriers circulation in tumour vasculature. The nanocarriers act
either extracellularly or after endocytic internalization once it enters the tumour interstitium [53].

Figure 2. Schematic diagram showing the mecha-
nisms of action of targeted functionalized nano-
particulate system. The anticancer drug is loaded into
the nanoparticles, and the surface of nanoparticles is
engineered with cell-specific ligand that can recognize
and target cancerous cell. The engineered nano-
particles then localize and binds to the receptors
found on the surface of cancer cell, thereby resulting
in internalization of the nanoparticles by endocytosis.
Inside the cancerous cell, the nanoparticles undergo
endosomal escape, which lead to the release of the
drug for its cytolytic activity that causes cell death
[58].
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into the nucleus significantly induced the apoptosis of hypoxic cancer
stem cells. More so, the nano-system inhibits the tumour growth effi-
ciently by blocking the signalling pathways of hypoxia cancer stem cells
without causing any significant adverse effect during the period of the
treatment. In another related study by Wang et al [59], the activity of
mesenchymal stem cells (MSC) targeted drug delivery and NP loaded
docetaxel as lung cancer treatment was investigated. Since it has been
reported that MSC can be isolate from the bone marrow of patients and
culture with ease, and transplant back into the patients for treatment so
as to avoid immune rejection. MSC also possess high natural affinity for
tumour which enable them to house tumour cells, although, the mech-
anisms have not been well elucidated. More so, lung-predominant cir-
culation is the most significant characteristics of MSC employed as
lung-targeted drug delivery system. This was buttressed by Wang and
his colleagues [59] where the distribution of MSC was observed in lung
of mice, rabbits andmonkey following intravenous injection, whereas, all
MSC transplanted are xenogenic. It was further reported that the MSC
targeted drug delivery nanoparticulate system have a greater ability to
4

inhibits primary tumours similar to that of NP loaded docetaxel drug
system.

Ye et al. [60], investigated the efficacy and influence of
folate-functionalized and chitosan-coated doxorubicin nanoparticulate
system (FA–CS–DOX) on cell cycle arrest and cell apoptosis of hepatoma
cell. It was reported that FA–CS–DOX nanoparticulate systems has
stronger cytotoxicity activity than chitosan-coated doxorubicin (CS-DOX)
against the cells growth of liver cancer by increasing and arresting cell
cycle at G2/M phase via p53/PRC1 pathway. The effect of folate receptor
targeted nano-system (liposomes) for the delivery of 5-fluorouracil in
tumour cells was examined in another related study by Handali and
co-workers [61], and it was shown that the targeted liposomes stimulated
the mitochondrial apoptotic pathway by reducing the mitochondrial
membrane ability, stimulating the significant activity of caspase 3/7 and
releasing of cytochrome c in HT-29 cells. While in HeLa cells, the
nanosystem particularly triggered necrosis pathway via the over-
production of reactive oxygen species (ROS). In all, folate-liposomal
5-fluorouracil showed greater anticancer activity when compared to
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free drug. Some other studies which have used nanotechnology-based
approach in cancer treatment include the use of cell-penetrating pep-
tide PepFect 14 in preparing CPP-mRNA nanoparticulate systems in
treating ovarian cancer [62], surface functionalized polymeric iron oxide
nano-delivery systems as a vehicle for targeted delivery of docetaxel in
breast cancer [63]. The technique has also been employed for co-delivery
of pyrrolidinedithiocarbamate and doxorubicin in overcoming the cases
of multidrug resistance in breast cancer [50], as well as, the development
of a nuclear targeted doxorubicin-aptamer loaded liposome to thwart
drug resistance in breast cancer [57].

3.2. Green synthesis of nanoparticles: a new approach in cancer treatment

The use of plant materials in the synthesis of NP (biogenic synthesis)
is gaining more recognition due to its biocompatibility which is an
important parameter for biomedical applications. Additionally, the syn-
thesis of biocompatible NPs from plant has some great advantage over
lipid-based vectors such as non-toxic, safe, cost-effective and easily
produced accessible materials, prolonged circulating half-life, solubility,
high binding affinity, easy functionality, good permeability, controlled
pharmacokinetics and ability to protect and preserve the drug. Green
biosynthesis of NPs offers an attractive alternative over chemical and
physical methods. Some of its advantages include cost minimization,
steps involved, it does not require high energy, temperature, pressure,
and it is eco-friendly since it uses enzymes and not highly toxic chemicals
as reducing [64,65].

The green synthesis of NP is evolving as potential anticancer agent,
and they have been discovered as drug carriers and diagnostic agents in
diseases treatment due to their predominantly distinctive set of biolog-
ical, chemical, physical and photonic properties [64]. Their anticancer
activity was evaluated by Al-Sheddi and co-worker [66] where the
anticancer property of green synthesized silver NPs extracted from
Nepeta deflersiana was tested against human cervical cancer cells. The
biosynthesized Nepeta deflersiana silver NP-induced cell death in HeLA
cells (human cervical cancer cells) via the SubG1 cell cycle arrest and
apoptotic/necrotic process. In another related study by Sarkar and Kot-
teeswaran [67] where the anticancer activity of green synthesized silver
NP from aqueous leaf extract of Punica granatum on human cervical
cancer cells was evaluated. In that study, the cell viability assay showed
the inhibitory activity of the silver NPs against human cervical cancer cell
growth. Also, the silver NPs increased the percentage toxicity of the HeLA
cells in the lactate dehydrogenase cell cytotoxicity assay. More so, the
DNA fragmentation analysis indicated that the silver NPs synthesized
from the leaf of Punica granatum had ability to induce apoptosis.

In 2014, Chung and co-workers [68] developed a self-assembled
micellar nanocomplexes using epigallocatechin gallate (EGCG); a major
antioxidant ingredient in green tea, and herceptin (protein drug), a breast
cancer drug. In their study, it was shown that the successful engineering
of the herceptin-loaded micellar nanocarriers can deliver more drugs
selectively into the cancer cells, and killed them more efficiently, as well
as displayed longer blood half-life than the native drug. Other studies
which have employed green synthesis of NPs in cancer treatment include
the anticancer activity of green synthesised gold NPs from Scutellaria
barbata on pancreatic cancer cell (PANC-1) [56]. The anticancer potential
and photodynamic therapy of green synthesized silver NPs from Cynara
scolymus leaf extracts on breast cancer cells [69], and the green synthesis
of anisotropic gold NPs from cocoa aqueous extracts for cancer photo-
thermal therapy [70].

4. Nanodentistry and maxillofacial pathology

4.1. Benefits and applications

As a multidisciplinary field, nanotechnology embodies a range of
technological developments linked with the use of NPs/nanostructures.
Both the natural and synthetic NPs find applications in nanodentistry
5

(ND) and maxillofacial pathology (MP). MP is a specialty area of
dentistry and pathology involved with “cause-and-effect” disease studies
and diagnosis/treatment as they affect the oral and maxillofacial regions
of the mouth, jaw and face [71]. As a branch of medicine, dentistry en-
tails the diagnosis, prevention and treatment of oral cavity and maxil-
lofacial diseases. Common oral pathologies include enamel hypoplasia,
caries, tooth resorption, fractured teeth, oral neoplasia, stained teeth,
lymphoplasmacytic gingivostomatitis and “missing” teeth. Some of these
conditions may be systemic or localized and show little or no clinical
signs while others nay cause considerable discomfort and pain [72,73]. It
is therefore interesting that both MP and dentistry have embraced the
application of nanotechnological tools and materials with the aim of
improving diseases management and reducing some of their associated
adverse effects [74].

Nanodentistry involves the use of NPs in the development of novel,
innovative platforms for dental applications related to diagnosis (for
early disease detection), tissue engineering/rejuvenation, drug delivery
(local anaesthesia etc.), treatment andmaintenance of general oral health
care [71,75]. It provides dentists an alternative approach to tackling oral
health challenges with negligible complications and high degree of
specificity and therapeutic efficiency. It also promises to save on
doctor-patient time and reduce patient mental trauma, while reducing
cost. The NP may also be implanted in dental products and interventions
to enhance material properties [76]. The world has gone the way of NP,
given their immense benefits for health and other fields of science. The
application of nanotechnological principles and materials has redefined
the face of oral diagnosis, therapy, surgery, dentistry and maxillofacial
pathologies, globally. Nanodentistry has evolved due to the attendant
adverse effects and complication attributed to dentistry and its offshoots
such as painful and invasive dental surgeries, as well as disfigurement
[77]. In addition, there is also an increased awareness amongst in-
dividuals on the need to maintain above average dental hygiene/care for
aesthetics and/or enhancement of beauty, to boost physical/facial
appearance and confidence [76,78].

Practical examples of the benefit of nanodentistry, includes the use of
empty nano-sized liposome vesicles, for non-invasive drug delivery in
dental therapies [77]. Also, despite current challenges there is hope for
NP-delivered enzymes (collagenase) which have a high probability for
remodelling periodontal fibres in targeted oral surgery, without the need
for scalpel invasion. This promises faster and painless surgery time [77,
79]. Other benefits include novel substances for preventative dental care
such as dentifrices for dentine and enamel that impart antimicrobial
and/or other rejuvenating potentials. Again, improving the physiological
and mechanical functions of the tooth using engineered nanomaterials
(ENMs) such as nanocomposites and nanofillers in restorative ND is being
explored [74]. ENMs may significantly decrease dental implants failure
rates. It may further serve for infection control, direction and control of
pulp stem cells for tooth regeneration and osseointegration enhancement
[80]. On the other hand, despite current data showing low oral toxicity of
ENMs, some ENMs could cross the gut and cause systemic disruptions,
possibly with organ pathology. Nevertheless, toxicity studies on ENMs
still need to be intensified to assure on long term use and safety. Other
devices explored in ND include nanoassemblers, nanocrystalline hy-
droxyapatite, and nanorobots (mainly composed of diamond, 0.5–3 μm
in diameter, and programmable) [74, 75, 76].

Furthermore, novel therapeutic potentials of ND in dentistry and MP
include: dentition renaturalization and major tooth repair, local anaes-
thesia (nanoanaesthesia), tooth-sensitivity cure, covalently bonded dia-
mondized enamel, orthodontic realignment in a single visit, and dental
care/maintenance using nanorobotic dentifrices, which repairs carious
blemishes and kill caries-causing germs [81,82].

Oral fluid and optical nanobiosensors and nanoelectromechanical
system (exosome vesicles with genomic markers which can be upregu-
lated for use in malignant cancer detection) function for oral cancer
diagnosis and treatment [71]. In cancer treatment nanobeads/shells have
been used to selectively target and kill cancerous cells while



H.A. Adeola et al. Heliyon 6 (2020) e04890
healthy/normal cells remain unharmed [83]. Other nanotherapeutic
options for oral cancer include nanomaterials for brachytherapy e.g.
BrachySilTM (which delivers 32P radioisotope treatment); and utilization
of nanovectors for gene therapy [81]. Also, in MP advancements in stem
cell research, tissue engineering has made periodontal tissue/ligament
regeneration, bone augmentation/graft, orofacial fractures, pulp repair,
cartilage regeneration of the temporomandibular joint and implant
osseointegration therapies possible, easier and faster [84,85]. While
navigating the periodontal tissues, orthodontic nanorobots facilitate
painless and swift tissue repair, tooth rotating, straightening and vertical
repositioning. This is a significant improvement from the usual excessive
force which result in root resorption and anchorage loss [86]. Nano-
composite artificial teeth have also demonstrated significant durability
and corrosion resistance compared to conventional microfill composite
teeth [87].

The early onset of tooth enamel lesions can be treated via inclusion of
nanosized calcium carbonate in toothpaste which facilitates tooth remi-
neralization [88]. Another nanoproduct that may emerge in dental
practice are wear-resistant, biocompatible, easy-to-clean nanocomposite
tooth coatings to manage biofilm formation [83,89]. Graphene/zinc
oxide nanocomposite (GZNC) has therapeutic potential against Strepto-
coccus mutans biofilms [90]. In addition, nanocrystals with nanopores
modified to allow protein adsorption due to their added silica molecules,
as well as hydroxyapatite NPs have found application in bone replace-
ment and bone defect therapies. In anaesthetic applications, mobile
nanorobots carry active analgesics to the tooth pulp through the lamina
propria, gingiva sulcus and dentine tubules. At the pulp site, all sensation
and nerve-impulse traffic is shut down around the tooth being treated,
but is thereafter restored when therapy ends. Nanorobots for treatment of
gingivitis, halitosis and periodontal infections also exist and this is
documented as complication-free [91,92].

There are also NP solutions and composites (adper, dentiflow etc.)
used as bonding agents with orthodontic brackets that help maintain
acceptable bond strength and decrease procedure time for bonding.
Nano-sized sterilant solutions/emulsified oil droplets have also been
developed to attack pathogens [93]. More applications include use of
near-infrared luminescent QD nanodevices capable of targeting specific
cancer proteins [75] for sensitive cancer cells detection and SPIONS
(superparamagnetic iron oxide NPs) which carry contrasting components
with varied aqueous solubilities that enable their retention in different
tissues and makes for enhanced MRI. Claw-shaped nano-punch biopsy
devices also function for specimen collection from target sites.
Carbon-based ‘buckyballs’, as well as gold/magnetic NPs have also been
used as drug delivery nanodevices. Highly sensitive and specific
Table 1. Current applications of nanotechnology in the field of dentistry and maxillo

Nanotechnology Application

nano-sized liposome vesicles non-invasive drug delivery for dental t

Nanoparticle-delivered enzymes remodelling periodontal fibres

Engineered nanomaterials Nanoomposites and nanofillers

Nanoassemblers Computer-aided Microbial control and

Nanocrystalline hydroxyapatite Improved osteointegration for maxillof

Nanorobotic dentifrices Repairs carious blemishes

Nanobiosensors and nanoelectromechanical system Oral cancer Diagnosis

Nanobeads/shells Selectively target and kill cancerous ce

nanomaterials for brachy therapy Radiotherapy

Nanovectors Gene therapy

Nano stem cell systems tissue engineering

Nanosized calcium carbonate in toothpaste Tooth remineralization

Graphene/zinc oxide nanocomposite Antimicrobial caries control

Quantum dot nanodevices Cancer cells detection

Nano-sized sterilant solutions Antimicrobial/antiseptic

Salivary Nanochips/biosensors Cancer detection
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nanochips/biosensors for detection of oral cancer using salivary bio-
markers [interleukin-8 (IL-8), IL-1β, thioredoxin etc.] are also being
explored [81,94]. An overview of current applications of NP in MP and
dentistry is presented in Table 1.

4.2. Potential hazards and risks

In relation to potential hazards, a study by Libonati et al. [95]
demonstrated that leaked components from nanocomposite materials
caused embryotoxicity in mouse blastocyst in vitro, but the reverse was
the case with no toxicity when subcutaneously implanted in vivo. Simi-
larly, a lower toxicity was recorded for orthodontic adhesive nano-
composite composed of titanium dioxide (TiO2) NPs (at 1% by weight of
TiO2 NPs) compared to the NP free material [96,97]. In our opinion,
while the benefits of ND seem to outweigh the harms, the exercise of
some caution remains relevant. The carcinogenicity of nanobiomaterials
may need to be further verified and improved upon. Their biocompati-
bility with tissue also depends on the constituting materials/particles. It
is also worth noting that the large surface area to volume ratio of NP
enhances their probability of being transported through body fluids and
being absorbed into other body tissues/organs (brain, lung, liver, kidney,
digestive tract, skin, spleen) besides the target tissues where they were
originally meant to execute their therapeutic or preventative effects. In
this state, their bioaccumulation as non-degradable toxic substances may
result in adverse health responses in distant organs [98,99]. Other leg-
islative challenges and ethical issues include privacy, metaphysical, se-
curity and equity [78], as well as regulatory and public acceptance issues
[100] related to nanotechnological products and their applications.

4.3. Recent application of nanomaterials for maxillofacial diseases and
oral cancer management

The use of nanomaterials has revolutionized the field of nano-
medicine and emerging trends in its application for dentistry has
tremendously improved the investigation, diagnosis, treatment and
monitoring of maxillofacial diseases and oral cancer. For instance,
nanodiagnostics have been used to for in-vivo visualization (up to single
cell resolution) and selective chemotherapeutic drug delivery to cancer
cells, with the aid of QDs, supraparamagnetic carbon nanotubes, den-
drimers, nanowires, nanodiamonds and nanosponges [101]. Also, an
emerging complement of lipid-coated targeted QDs, are currently being
used for multiplexed quantification of cancer-specific biomarkers on
single cells [102]. Near-infrared (NIR) excitable upconversion nano-
particle (UCN) based PDT agents have been developed to improve the
facial pathology.

Field of Application Reference

herapies Dentistry [77]

Periodontal Surgery [74]

Restorative dentistry [74,87]

repair of carious lesions Restorative Dentistry [74]

acial implants Oral and Maxillofacial surgery [75]

Restorative dentistry [81,82]

Maxillofacial Pathology and Cancer Diagnosis [71]

lls Cancer Treatment [83]

Cancer Treatment [81]

Maxillofacial Pathology [81]

Endodontics and Maxillofacial pathology [84,85]

Pedodontics [88]

Restorative dentistry [90]

Maxillofacial pathology and cancer Diagnosis [75]

Dentistry [93]

Maxillofacial pathology and cancer diagnosis [81,94]
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conventional PDT by targeting epithelial growth factor receptor (EGFR)
in advanced, solid oral head and neck cancers [103]. Using an in-vivo rat
model, Abbasi et al., showed that orally and intravenously administered
doxorubicin-methotrexate-loaded nanoparticles (DOX-MTX NPs) down-
regulated MMP-2 mRNA levels in 4-nitroquinoline-1-oxide induced oral
squamous cell carcinoma [104]. In addition, biodegradable nanoparticles
have been employed in-vivo, as vehicle for targeted drug and vaccine
delivery [105]. CALAA-01 nanoparticles have been used to suppress oral
cancer tumour growth using a RRM2-siRNA [106]. Furthermore, using a
novel multifunctional self-assembling nanoparticle construct, a
non-receptor tyrosine kinase (Src), has been successfully targeted as an
effective therapy for metastatic head and neck squamous carcinoma
[107]. Not least, AuNPs in combination with irradiation (X-ray) has been
demonstrated to enhance cytotoxicity on human head and neck cancer
[108].

5. Concluding remarks and future perspectives

Although the application of nanotechnology in medicine, dentistry
and MP holds interesting possibilities for the future, they remain as
developing fields. For now, medical and dental practitioners still require
guidance on the use of nano-incorporated products with respect to pa-
tient safety and occupational health. Risk assessments which encompass
the effects of NP from and in medical/dental materials, for patients,
personnel and environment cannot be overemphasized. Nano-labelling
protocols for medical materials also need to be improved for informed
and clear identification of nano-ingredients [76,80]. Despite the several
ongoing global developments in nanomedicine, ND and MP, several
countries in the Asian and African continents remain far off in terms of
nanotechnological developments in these fields, despite a high burden of
cancer [109]. This has been primarily fuelled by factors such as poor
funding, inability to retain trained nanotechnology manpower/experts,
poor technological transfer principles, slow strategic decisions at relevant
levels of governance and research, absence of private enterprises
participation and collaborations. Overcoming these challenges would
facilitate further advancements in ND and MP in these regions, and
indeed worldwide.

Declarations

Author contribution statement

All authors listed have significantly contributed to the development
and the writing of this article.

Funding statement

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.

Competing interest statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

References

[1] F. Bray, J. Ferlay, I. Soerjomataram, R.L. Siegel, L.A. Torre, A. Jemal, Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries, CA Cancer J. Clin. 68 (6) (2018 Nov)
394–424.

[2] R.T. Aruleba, T.A. Adekiya, B.E. Oyinloye, A.P. Kappo, Structural studies of
predicted ligand binding sites and molecular docking analysis of Slc2a4 as a
therapeutic target for the treatment of cancer, Int. J. Mol. Sci. 19 (2) (2018) 386.
7

[3] J. Mendelsohn, J. Baselga, Status of epidermal growth factor receptor antagonists
in the biology and treatment of cancer, J. Clin. Oncol. 21 (14) (2003) 2787–2799.

[4] A. Wittig, R. Engenhart-Cabillic, Cardiac side effects of conventional and particle
radiotherapy in cancer patients, Herz 36 (4) (2011) 311.

[5] W. D€orr, A. Jacubek, J. Kummermehr, T. Herrmann, I. D€olling-Jochem, U. Eckelt,
Effects of stimulated repopulation on oral mucositis during conventional
radiotherapy, Radiother. Oncol. 37 (2) (1995) 100–107.

[6] J.J. Kim, I.F. Tannock, Repopulation of cancer cells during therapy: an important
cause of treatment failure, Nat. Rev. Canc. 5 (7) (2005) 516.

[7] J. Jeevanandam, A. Barhoum, Y.S. Chan, A. Dufresne, M.K. Danquah, Review on
nanoparticles and nanostructured materials: history, sources, toxicity and
regulations, Beilstein J. Nanotechnol. 9 (1) (2018) 1050–1074.

[8] C. Contado, Nanomaterials in consumer products: a challenging analytical
problem, Front. Chem. 3 (2015) 48.

[9] C. Cha, S.R. Shin, N. Annabi, M.R. Dokmeci, A. Khademhosseini, Carbon-based
nanomaterials: multifunctional materials for biomedical engineering, ACS Nano 7
(4) (2013) 2891–2897.

[10] J.L. Vivero-Escoto, Y.T. Huang, Inorganic-organic hybrid nanomaterials for
therapeutic and diagnostic imaging applications, Int. J. Mol. Sci. 12 (6) (2011)
3888–3927.

[11] H. Gleiter, Nanostructured materials: basic concepts and microstructure, Acta
Mater. 48 (1) (2000) 1–29.

[12] V.V. Pokropivny, V.V. Skorokhod, Classification of nanostructures by
dimensionality and concept of surface forms engineering in nanomaterial science,
Mater. Sci. Eng. C 27 (5-8) (2007) 990–993.

[13] J.N. Tiwari, R.N. Tiwari, K.S. Kim, Zero-dimensional, one-dimensional, two-
dimensional and three-dimensional nanostructured materials for advanced
electrochemical energy devices, Prog. Mater. Sci. 57 (4) (2012) 724–803.

[14] Y. Yang, B.P. Colman, E.S. Bernhardt, M.F. Hochella, Importance of a nanoscience
approach in the understanding of major aqueous contamination scenarios: case
study from a recent coal ash spill, Environ. Sci. Technol. 49 (6) (2015)
3375–3382.

[15] V.K. Sharma, J. Filip, R. Zboril, R.S. Varma, Natural inorganic
nanoparticles–formation, fate, and toxicity in the environment, Chem. Soc. Rev.
44 (23) (2015) 8410–8423.

[16] S. Wagner, A. Gondikas, E. Neubauer, T. Hofmann, F. von der Kammer, Spot the
difference: engineered and natural nanoparticles in the environment—release,
behavior, and fate, Angew. Chem. Int. Ed. 53 (46) (2014) 12398–12419.

[17] D.J. Bharali, M. Khalil, M. Gurbuz, T.M. Simone, S.A. Mousa, Nanoparticles and
cancer therapy: a concise review with emphasis on dendrimers, Int. J. Nanomed. 4
(2009) 1.

[18] Y.E. Choi, J.W. Kwak, J.W. Park, Nanotechnology for early cancer detection,
Sensors 10 (1) (2010) 428–455.

[19] J. Li, Nanotechnology-based platform for early diagnosis of cancer, Sci. Bull. 60
(4) (2015) 488–490.

[20] S. Nie, Y. Xing, G.J. Kim, J.W. Simons, Nanotechnology applications in cancer,
Annu. Rev. Biomed. Eng. 9 (2007) 257–288.

[21] B. Bohunicky, S.A. Mousa, Biosensors: the new wave in cancer diagnosis,
Nanotechnol. Sci. Appl. 4 (2010) 1–10.

[22] H.A. Adeola, N.C. Soares, J.D. Paccez, L. Kaestner, J.M. Blackburn, L.F. Zerbini,
Discovery of novel candidate urinary protein biomarkers for prostate cancer in a
multiethnic cohort of south african patients via label-free mass spectrometry,
Proteonomics Clin. Appl. 9 (2015) 597–609.

[23] G. Gaucher, M.H. Dufresne, V.P. Sant, N. Kang, D. Maysinger, J.C. Leroux, Block
copolymer micelles: preparation, characterization and application in drug
delivery, J. Contr. Release 109 (1-3) (2005) 169–188.

[24] X. Wang, L. Yang, Z. Chen, D.M. Shin, Application of nanotechnology in cancer
therapy and imaging, CA A Cancer J. Clin. 58 (2) (2008) 97–110.

[25] E.S. Kawasaki, A. Player, Nanotechnology, nanomedicine, and the development of
new, effective therapies for cancer, Nanomed. Nanotechnol. Biol. Med. 1 (2)
(2005) 101–109.

[26] Y.K. Gun'ko, Nanoparticles in bioimaging, Nanomaterials 6 (6) (2016) 105.
[27] H.S. Choi, W. Liu, P. Misra, E. Tanaka, J.P. Zimmer, B.I. Ipe, M.G. Bawendi,

J.V. Frangioni, Renal clearance of quantum dots, Nat. Biotechnol. 25 (10) (2007)
1165.

[28] U. Resch-Genger, M. Grabolle, S. Cavaliere-Jaricot, R. Nitschke, T. Nann, Quantum
dots versus organic dyes as fluorescent labels, Nat. Methods 5 (9) (2008) 763.

[29] S.K. Nune, P. Gunda, P.K. Thallapally, Y.Y. Lin, M.L. Forrest, C.J. Berkland,
Nanoparticles for biomedical imaging, Expet Opin. Drug Deliv. 6 (11) (2009)
1175–1194.

[30] S. Kim, Y.T. Lim, E.G. Soltesz, A.M. De Grand, J. Lee, A. Nakayama, J.A. Parker,
T. Mihaljevic, R.G. Laurence, D.M. Dor, L.H. Cohn, Near-infrared fluorescent type
II quantum dots for sentinel lymph node mapping, Nat. Biotechnol. 22 (1) (2004)
93.

[31] X. Gao, Y. Cui, R.M. Levenson, L.W. Chung, S. Nie, In vivo cancer targeting and
imaging with semiconductor quantum dots, Nat. Biotechnol. 22 (8) (2004) 969.

[32] T. Jin, Y. Yoshioka, F. Fujii, Y. Komai, J. Seki, A. Seiyama, Gd 3þ-functionalized
near-infrared quantum dots for in vivo dual modal (fluorescence/magnetic
resonance) imaging, Chem. Commun. 44 (2008) 5764–5766.

[33] B. Dubertret, P. Skourides, D.J. Norris, V. Noireaux, A.H. Brivanlou, A. Libchaber,
In vivo imaging of quantum dots encapsulated in phospholipid micelles, Science
298 (5599) (2002) 1759–1762.

[34] B. Ballou, B.C. Lagerholm, L.A. Ernst, M.P. Bruchez, A.S. Waggoner, Noninvasive
imaging of quantum dots in mice, Bioconjugate Chem. 15 (1) (2004) 79–86.

[35] E. Hutter, D. Maysinger, Gold nanoparticles and quantum dots for bioimaging,
Microsc. Res. Tech. 74 (7) (2011) 592–604.

http://refhub.elsevier.com/S2405-8440(20)31733-3/sref1
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref1
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref1
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref1
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref1
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref2
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref2
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref2
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref3
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref3
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref3
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref4
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref4
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref5
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref5
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref5
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref5
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref5
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref5
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref6
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref6
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref7
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref7
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref7
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref7
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref8
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref8
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref9
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref9
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref9
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref9
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref10
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref10
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref10
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref10
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref11
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref11
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref11
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref12
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref12
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref12
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref12
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref13
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref13
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref13
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref13
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref14
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref14
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref14
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref14
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref14
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref15
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref15
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref15
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref15
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref15
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref16
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref16
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref16
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref16
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref16
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref17
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref17
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref17
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref18
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref18
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref18
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref20
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref20
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref20
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref21
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref21
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref21
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref22
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref22
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref22
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref22
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref22
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref23
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref23
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref23
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref23
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref24
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref24
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref24
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref25
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref25
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref25
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref25
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref26
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref27
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref27
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref27
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref28
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref28
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref29
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref29
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref29
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref29
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref30
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref30
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref30
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref30
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref31
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref31
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref32
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref32
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref32
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref32
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref32
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref33
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref33
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref33
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref33
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref34
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref34
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref34
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref35
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref35
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref35


H.A. Adeola et al. Heliyon 6 (2020) e04890
[36] P.C. Chen, S.C. Mwakwari, A.K. Oyelere, Gold nanoparticles: from nanomedicine
to nanosensing, Nanotechnol. Sci. Appl. 1 (2008) 45.

[37] R. Popovtzer, A. Agrawal, N.A. Kotov, A. Popovtzer, J. Balter, T.E. Carey,
R. Kopelman, Targeted gold nanoparticles enable molecular CT imaging of cancer,
Nano Lett. 8 (12) (2008) 4593–4596.

[38] D. Zanchet, C.M. Micheel, W.J. Parak, D. Gerion, A.P. Alivisatos, Electrophoretic
isolation of discrete Au nanocrystal/DNA conjugates, Nano Lett. 1 (1) (2001)
32–35.

[39] V. Kattumuri, K. Katti, S. Bhaskaran, E.J. Boote, S.W. Casteel, G.M. Fent,
D.J. Robertson, M. Chandrasekhar, R. Kannan, K.V. Katti, Gum Arabic as a
phytochemical construct for the stabilization of gold nanoparticles: in vivo
pharmacokinetics and X-ray-contrast-imaging studies, Small 3 (2) (2007)
333–341.

[40] X.H. Huang, I.H. El-Sayed, W. Qian, M.A. El-Sayed, Cancer cell imaging and
photothermal therapy in the near-infrared region by using gold nanorods, J. Am.
Chem. Soc. 128 (2006) 2115–2120.

[41] L. Bickford, J. Sun, K. Fu, N. Lewinski, V. Nammalvar, J. Chang, R. Drezek,
Enhanced multi-spectral imaging of live breast cancer cells using immunotargeted
gold nanoshells and two-photon excitation microscopy, Nanotechnology 19
(2008) 1–6.

[42] N.A. Frey, S. Peng, K. Cheng, S. Sun, Magnetic nanoparticles: synthesis,
functionalization, and applications in bioimaging and magnetic energy storage,
Chem. Soc. Rev. 38 (9) (2009) 2532–2542.

[43] T. Neuberger, B. Sch€opf, H. Hofmann, M. Hofmann, B. Von Rechenberg,
Superparamagnetic nanoparticles for biomedical applications: possibilities and
limitations of a new drug delivery system, J. Magn. Magn Mater. 293 (1) (2005)
483–496.

[44] T.R. Pisanic II, J.D. Blackwell, V.I. Shubayev, R.R. Finones, S. Jin, Nanotoxicity of
iron oxide nanoparticle internalization in growing neurons, Biomaterials 28 (16)
(2007) 2572–2581.

[45] J.R. Hwu, Y.S. Lin, T. Josephrajan, M.H. Hsu, F.Y. Cheng, C.S. Yeh, W.C. Su,
D.B. Shieh, Targeted paclitaxel by conjugation to iron oxide and gold
nanoparticles, J. Am. Chem. Soc. 131 (1) (2008) 66–68.

[46] J. Xie, K. Chen, H.Y. Lee, C. Xu, A.R. Hsu, S. Peng, X. Chen, S. Sun, Ultrasmall c
(RGDyK)-coated Fe3O4 nanoparticles and their specific targeting to integrin αvβ3-
rich tumor cells, J. Am. Chem. Soc. 130 (24) (2008) 7542–7543.

[47] X. Montet, R. Weissleder, L. Josephson, Imaging pancreatic cancer with a
peptide� nanoparticle conjugate targeted to normal pancreas, Bioconjugate
Chem. 17 (4) (2006) 905–911.

[48] J.K. Patra, G. Das, L.F. Fraceto, E.V.R. Campos, M. del Pilar Rodriguez-Torres,
L.S. Acosta-Torres, L.A. Diaz-Torres, R. Grillo, M.K. Swamy, S. Sharma,
S. Habtemariam, Nano based drug delivery systems: recent developments and
future prospects, J. Nanobiotechnol. 16 (1) (2018) 71.

[49] F. Carton, Y. Chevalier, L. Nicoletti, M. Tarnowska, B. Stella, S. Arpicco,
M. Malatesta, L.P. Jordheim, S. Briançon, G. Lollo, Rationally designed hyaluronic
acid-based nano-complexes for pentamidine delivery, Int. J. Pharm. 568 (2019)
118526.

[50] X. Cheng, D. Li, M. Sun, L. He, Y. Zheng, X. Wang, R. Tang, Co-delivery of DOX and
PDTC by pH-sensitive nanoparticles to overcome multidrug resistance in breast
cancer, Colloids Surf. B Biointerfaces 181 (2019) 185–197.

[51] H. Li, W. Yan, X. Suo, H. Peng, X. Yang, Z. Li, J. Zhang, D. Liu, Nucleus-targeted
nano delivery system eradicates cancer stem cells by combined thermotherapy and
hypoxia-activated chemotherapy, Biomaterials 200 (2019) 1–14.

[52] Y. Zhong, K. Goltsche, L. Cheng, F. Xie, F. Meng, C. Deng, Z. Zhong, R. Haag,
Hyaluronic acid-shelled acid-activatable paclitaxel prodrug micelles effectively
target and treat CD44-overexpressing human breast tumor xenografts in vivo,
Biomaterials 84 (2016) 250–261.

[53] K.P. Medina-Alarcon, A.R. Voltan, B. Fonseca-Santos, I.J. Moro, F. de Oliveira
Souza, M. Chorilli, C.P. Soares, A.G. dos Santos, M.J. Mendes-Giannini,
A.M. Fusco-Almeida, Highlights in nanocarriers for the treatment against cervical
cancer, Chimia 80 (2017) 748–759.

[54] S. Sundar, V. Kumar Prajapati, Drug targeting to infectious diseases by
nanoparticles surface functionalized with special biomolecules, Curr. Med. Chem.
19 (19) (2012) 3196–3202.

[55] M. Zargar, A.A. Hamid, F.A. Bakar, M.N. Shamsudin, K. Shameli, F. Jahanshiri,
F. Farahani, Green synthesis and antibacterial effect of silver nanoparticles using
Vitex negundo L, Molecules 16 (8) (2011) 6667–6676.

[56] L. Wang, J. Xu, Y. Yan, H. Liu, T. Karunakaran, F. Li, Green synthesis of gold
nanoparticles from Scutellaria barbata and its anticancer activity in pancreatic
cancer cell (PANC-1), Artif. Cells, Nanomed. Biotechnol. 47 (1) (2019)
1617–1627.

[57] X. Li, X. Wu, H. Yang, L. Li, Z. Ye, Y. Rao, A nuclear targeted Dox-aptamer loaded
liposome delivery platform for the circumvention of drug resistance in breast
cancer, Biomed. Pharmacother. 117 (2019) 109072.

[58] M. Srinivasan, M. Rajabi, S.A. Mousa, Multifunctional nanomaterials and their
applications in drug delivery and cancer therapy, Nanomaterials 5 (4) (2015)
1690–1703.

[59] X. Wang, H. Chen, X. Zeng, W. Guo, Y. Jin, S. Wang, R. Tian, Y. Han, L. Guo,
J. Han, Y. Wu, Efficient lung cancer-targeted drug delivery via a nanoparticle/
MSC system, Acta Pharm. Sin. B 9 (1) (2019) 167–176.

[60] B.L. Ye, R. Zheng, X.J. Ruan, Z.H. Zheng, H.J. Cai, Chitosan-coated doxorubicin
nano-particles drug delivery system inhibits cell growth of liver cancer via p53/
PRC1 pathway, Biochem. Biophys. Res. Commun. 495 (1) (2018) 414–420.

[61] S. Handali, E. Moghimipour, M. Kouchak, Z. Ramezani, M. Amini, K.A. Angali,
S. Saremy, F.A. Dorkoosh, M. Rezaei, New folate receptor targeted nano liposomes
8

for delivery of 5-fluorouracil to cancer cells: strong implication for enhanced
potency and safety, Life Sci. 227 (2019) 39–50.

[62] D. van den Brand, M.A. Gorris, A.H. van Asbeck, E. Palmen, I. Ebisch, H. Dolstra,
M. H€allbrink, L.F. Massuger, R. Brock, Peptide-mediated delivery of therapeutic
mRNA in ovarian cancer, Eur. J. Pharm. Biopharm. 141 (2019) 180–190.

[63] J. Panda, B.S. Satapathy, S. Majumder, R. Sarkar, B. Mukherjee, B. Tudu,
Engineered polymeric iron oxide nanoparticles as potential drug carrier for
targeted delivery of docetaxel to breast cancer cells, J. Magn. Magn Mater. 485
(2019) 165–173.

[64] K. Gudikandula, S. Charya Maringanti, Synthesis of silver nanoparticles by
chemical and biological methods and their antimicrobial properties, J. Exp.
Nanosci. 11 (9) (2016) 714–721.

[65] S. Swain, S.K. Barik, T. Behera, S.K. Nayak, S.K. Sahoo, S.S. Mishra, P. Swain,
Green synthesis of gold nanoparticles using root and leaf extracts of Vetiveria
zizanioides and Cannabis sativa and its antifungal activities, Bio Nano Sci. 6 (3)
(2016) 205–213.

[66] E.S. Al-Sheddi, N.N. Farshori, M.M. Al-Oqail, S.M. Al-Massarani, Q. Saquib,
R. Wahab, J. Musarrat, A.A. Al-Khedhairy, M.A. Siddiqui, Anticancer Potential of
Green Synthesized Silver Nanoparticles Using Extract of Nepeta Deflersiana
against Human Cervical Cancer Cells (HeLA), Bioinorganic Chemistry and
Applications, 2018.

[67] S. Sarkar, K. Venkatesan, Green synthesis of silver nanoparticles from aqueous leaf
extract of pomegranate (Punica granatum) and their anticancer activity on human
cervical cancer cells, Adv. Nat. Sci. Nanosci. Nanotechnol. 9 (2) (2018), 025014.

[68] J.E. Chung, S. Tan, S.J. Gao, N. Yongvongsoontorn, S.H. Kim, J.H. Lee, H.S. Choi,
H. Yano, L. Zhuo, M. Kurisawa, J.Y. Ying, Self-assembled micellar nanocomplexes
comprising green tea catechin derivatives and protein drugs for cancer therapy,
Nat. Nanotechnol. 9 (11) (2014) 907.

[69] O. Erdogan, M. Abbak, G.M. Demirbolat, F. Birtekocak, M. Aksel, S. Pasa, O. Cevik,
Green synthesis of silver nanoparticles via Cynara scolymus leaf extracts: the
characterization, anticancer potential with photodynamic therapy in MCF7 cells,
PloS One 14 (6) (2019), e0216496.

[70] S. Fazal, A. Jayasree, S. Sasidharan, M. Koyakutty, S.V. Nair, D. Menon, Green
synthesis of anisotropic gold nanoparticles for photothermal therapy of cancer,
ACS Appl. Mater. Interfaces 6 (11) (2014) 8080–8089.

[71] R.S. Gambhir, G.M. Sogi, A. Nirola, R. Brar, T. Sekhon, H. Kakar, Nanotechnology
in dentistry: current achievements and prospects, J. Orofac. Sci. 5 (1) (2013) 9.

[72] B.A. Niemiec, Oral pathology, Top. Companion Anim. Med. 23 (2) (2008) 59–71.
[73] B.W. Neville, D.D. Damm, C.M. Allen, A.C. Chi, Abnormalities of teeth, in: Oral

and Maxillofacial Pathology, second ed., Saunders, Philadelphia, Saunders, 2002,
pp. 49–106.

[74] I.M.F. Abiodun-Solanke, D.M. Ajayi, A.O. Arigbede, Nanotechnology and its
application in dentistry, Ann. Med. Health Sci. Res. 4 (3) (2014) 171–177.

[75] R. Kanaparthy, A. Kanaparthy, The changing face of dentistry: nanotechnology,
Int. J. Nanomed. 6 (2011) 2799.

[76] G. Shashirekha, A. Jena, S. Mohapatra, Nanotechnology in dentistry: clinical
applications, benefits, and hazards, Comp. Cont. Educ. Dent. 38 (5) (2017) e1–e4.

[77] A. Zinger, O. Adir, M. Alper, A. Simon, M. Poley, C. Tzror, Z. Yaari, M. Krayem,
S. Kasten, G. Nawy, A. Herman, Proteolytic nanoparticles replace a surgical blade
by controllably remodelling the oral connective tissue, ACS Nano 12 (2) (2018)
1482–1490.

[78] R.N. Alkahtani, The implications and applications of nanotechnology in dentistry:
a review, Saudi Dental J. 30 (2) (2018) 107–116.

[79] F�ed�eration Dentaire Internationale (FDI) world dental federation. https://
www.fdiworlddental.org/news/20180307/nanotechnology-could-redefine-ora
l-surgery, 2019. (Accessed 5 November 2019).

[80] A. Besinis, T. De Peralta, C.J. Tredwin, R.D. Handy, Review of nanomaterials in
dentistry: interactions with the oral microenvironment, clinical applications,
hazards, and benefits, ACS Nano 9 (3) (2015) 2255–2289.

[81] A. Bhardwaj, A. Bhardwaj, A. Misuriya, S. Maroli, S. Manjula, A.K. Singh,
Nanotechnology in dentistry: present and future, J. Int. Oral Health 6 (1) (2014)
121.

[82] A.V. Rybachuk, I.S. Chekman, T.Y. Nebesna, Nanotechnology and nanoparticles in
dentistry, Pharmacol. Pharm. 1 (2008) 18–20.

[83] N.J. Shetty, P. Swati, K. David, Nanorobots: future in dentistry, Saudi Dental J. 25
(2) (2013) 49–52.

[84] A. Kasaj, B. Willershausen, C. Reichert, B. R€ohrig, R. Smeets, M. Schmidt, Ability
of nanocrystalline hydroxyapatite paste to promote human periodontal ligament
cell proliferation, J. Oral Sci. 50 (3) (2008) 279–285.

[85] T. Roberson, H.O. Heymann, E.J. Swift Jr., Sturdevant's Art and Science of
Operative Dentistry, fifth ed., France Mosby Co., 2006, pp. 137–139.

[86] M. Redlich, A. Katz, L. Rapoport, H.D. Wagner, Y. Feldman, R. Tenne, Improved
orthodontic stainless steel wires coated with inorganic fullerene-like nanoparticles
of WS2 impregnated in electroless nickel–phosphorous film, Dent. Mater. 24 (12)
(2008) 1640–1646.

[87] M. Ghazal, Z.S. Albashaireh, M. Kern, Wear resistance of nanofilled composite
resin and feldspathic ceramic artificial teeth, J. Prosthet. Dent 100 (6) (2008)
441–448.

[88] S. Nakashima, M. Yoshie, H. Sano, A. Bahar, Effect of a test dentifrice containing
nano-sized calcium carbonate on remineralization of enamel lesions in vitro,
J. Oral Sci. 51 (1) (2009) 69–77.

[89] K.H. Awan, S. Khan, Nanotechnology and its role in dentistry: a review, Hard
Tissue 3 (1) (2014) 1–4.

[90] S. Priyadarsini, S. Mukherjee, M. Mishra, Nanoparticles used in dentistry: a
review, J. Oral Biol. Craniofac. Res. 8 (1) (2018) 58–67.

http://refhub.elsevier.com/S2405-8440(20)31733-3/sref36
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref36
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref37
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref37
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref37
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref37
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref38
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref38
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref38
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref38
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref39
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref39
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref39
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref39
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref39
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref39
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref40
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref40
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref40
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref40
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref41
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref41
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref41
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref41
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref41
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref42
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref42
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref42
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref42
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref43
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref43
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref43
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref43
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref43
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref43
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref44
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref44
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref44
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref44
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref45
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref45
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref45
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref45
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref46
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref46
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref46
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref46
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref46
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref46
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref47
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref47
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref47
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref47
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref47
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref48
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref48
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref48
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref48
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref49
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref49
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref49
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref49
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref50
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref50
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref50
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref50
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref51
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref51
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref51
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref51
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref52
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref52
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref52
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref52
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref52
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref53
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref53
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref53
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref53
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref53
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref54
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref54
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref54
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref54
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref55
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref55
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref55
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref55
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref56
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref56
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref56
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref56
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref56
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref57
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref57
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref57
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref58
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref58
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref58
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref58
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref59
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref59
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref59
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref59
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref60
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref60
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref60
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref60
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref61
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref61
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref61
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref61
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref61
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref62
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref62
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref62
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref62
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref62
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref63
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref63
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref63
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref63
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref63
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref64
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref64
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref64
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref64
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref65
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref65
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref65
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref65
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref65
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref66
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref66
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref66
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref66
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref66
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref67
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref67
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref67
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref68
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref68
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref68
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref68
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref69
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref69
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref69
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref69
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref70
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref70
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref70
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref70
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref71
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref71
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref72
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref72
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref73
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref73
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref73
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref73
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref74
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref74
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref74
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref75
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref75
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref76
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref76
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref76
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref77
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref77
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref77
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref77
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref77
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref78
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref78
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref78
https://www.fdiworlddental.org/news/20180307/nanotechnology-could-redefine-oral-surgery
https://www.fdiworlddental.org/news/20180307/nanotechnology-could-redefine-oral-surgery
https://www.fdiworlddental.org/news/20180307/nanotechnology-could-redefine-oral-surgery
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref80
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref80
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref80
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref80
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref81
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref81
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref81
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref82
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref82
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref82
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref83
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref83
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref83
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref84
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref84
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref84
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref84
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref84
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref85
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref85
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref85
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref86
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref86
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref86
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref86
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref86
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref86
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref87
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref87
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref87
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref87
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref88
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref88
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref88
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref88
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref89
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref89
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref89
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref90
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref90
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref90


H.A. Adeola et al. Heliyon 6 (2020) e04890
[91] S. Verma, R. Chevvuri, H. Sharma, Nanotechnology in dentistry: unleashing the
hidden gems, J. Indian Soc. Periodontol. 22 (3) (2018) 196.

[92] K.R. Saravana, R. Vijayalakshmi, Nanotechnology in dentistry, Indian J. Dent. Res.
17 (2006) 62–65.

[93] N. Nagar, A.C. Vaz, Comparison of shear bond strengths of conventional
orthodontic composite and nano-ceramic restorative composite: an in vitro study,
Indian J. Dent. Res. 24 (6) (2013) 713.

[94] E.A. Abou Neel, L. Bozec, R.A. Perez, H.W. Kim, J.C. Knowles, Nanotechnology in
dentistry: prevention, diagnosis, and therapy, Int. J. Nanomed. 10 (2015) 6371.

[95] A. Libonati, G. Marzo, F.G. Klinger, D. Farini, G. Gallusi, S. Tecco, S. Mummolo,
M. De Felici, V. Campanella, Embryotoxicity assays for leached components from
dental restorative materials, Reprod. Biol. Endocrinol. 9 (1) (2011) 136.

[96] G.C. Padovani, V.P. Feitosa, S. Sauro, F.R. Tay, G. Dur�an, A.J. Paula, N. Dur�an,
Advances in dental materials through nanotechnology: facts, perspectives and
toxicological aspects, Trends Biotechnol. 33 (11) (2015) 621–636.

[97] F. Heravi, M. Ramezani, M. Poosti, M. Hosseini, A. Shajiei, F. Ahrari, In vitro
cytotoxicity assessment of an orthodontic composite containing titanium-dioxide
nano-particles, J. Dent. Res. Dent. Clin. Dent. Prospects 7 (4) (2013) 192.

[98] D.R. Prithviraj, H.K. Bhalla, R. Vashisht, K. Sounderraj, S. Prithvi, Revolutionizing
restorative dentistry: an overview, J. Indian Prosthodont. Soc. 14 (4) (2014)
333–343.

[99] T.S.V. Satyanarayana, R. Rai, Nanotechnology: the future, J. Interdiscipl. Dent. 1
(2) (2011) 93.

[100] R. Arora, H. Kapoor, Nanotechnology in dentistry-Hope or hype, OHDM 13 (4)
(2014) 928–933.

[101] M. Poonia, K. Ramalingam, S. Goyal, S.K. Sidhu, Nanotechnology in oral cancer: a
comprehensive review, J. Oral Maxillofac. Pathol. 21 (3) (2017) 407–414.
9

[102] V. Jaishree, P.D. Gupta, Nanotechnology: a Revolution in cancer diagnosis, Indian
J. Clin. Biochem. 27 (2012) 214–220.

[103] S.S. Lucky, N.M. Idris, K. Huang, J. Kim, Z. Li, P.S. Thong, R. Xu, K.C. Soo,
Y. Zhang, In vivo biocompatibility, biodistribution and therapeutic efficiency of
titania coated upconversion nanoparticles for photodynamic therapy of solid oral
cancers, Theranostics 6 (11) (2016) 1844–1865.

[104] M.M. Abbasi, R. Jahanban-Esfahlan, A. Monfaredan, K. Seidi, H. Hamishehkar,
M.M. Khiavi, Oral and IV dosages of doxorubicin-methotrexate loaded-
nanoparticles inhibit progression of oral cancer by down- regulation of matrix
Methaloproteinase 2 expression in vivo, Asian Pac. J. Cancer Prev. APJCP 15 (24)
(2014) 10705–10711.

[105] A. Mahapatro, D.K. Singh, Biodegradable nanoparticles are excellent vehicle for
site directed in-vivo delivery of drugs and vaccines, J. Nanobiotechnol. 9 (2011)
55.

[106] T.T. Wu, S.H. Zhou, Nanoparticle-based targeted therapeutics in head-and-neck
cancer, Int. J. Med. Sci. 12 (2) (2015) 187–200.

[107] L. Lang, C. Shay, Y. Xiong, P. Thakker, R. Chemmalakuzhy, X. Wang, Y. Teng,
Combating head and neck cancer metastases by targeting Src using
multifunctional nanoparticle-based saracatinib, J. Hematol. Oncol. 11 (2018) 85.

[108] S. Teraoka, Y. Kakei, M. Akashi, E. Iwata, T. Hasegawa, D. Miyawaki, R. Sasaki,
T. Komori, Gold nanoparticles enhance X-ray irradiation-induced apoptosis in
head and neck squamous cell carcinoma in vitro, Biomed. Rep. 9 (5) (2018)
415–420.

[109] H.A. Adeola, A.H. Afrogheh, J.J. Hille, The burden of head and neck cancer in
Africa: the status quo and research prospects, South Afr. Dent. J. 73 (8) (2018)
477–488.

http://refhub.elsevier.com/S2405-8440(20)31733-3/sref91
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref91
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref92
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref92
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref92
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref93
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref93
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref93
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref94
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref94
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref95
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref95
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref95
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref96
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref96
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref96
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref96
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref96
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref96
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref97
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref97
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref97
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref98
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref98
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref98
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref98
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref99
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref99
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref100
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref100
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref100
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref101
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref101
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref101
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref102
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref102
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref102
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref103
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref103
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref103
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref103
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref103
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref104
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref104
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref104
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref104
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref104
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref104
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref105
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref105
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref105
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref106
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref106
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref106
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref107
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref107
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref107
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref108
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref108
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref108
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref108
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref108
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref109
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref109
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref109
http://refhub.elsevier.com/S2405-8440(20)31733-3/sref109

	Prospects of nanodentistry for the diagnosis and treatment of maxillofacial pathologies and cancers
	1. Introduction
	2. Nanotechnology in cancer diagnosis
	2.1. Application of nanotechnology in bioimaging and detection
	2.1.1. Nanomaterials in biomedical imaging applications
	2.1.2. Quantum dots (QDs)
	2.1.3. Gold nanoparticles (AuNPs)
	2.1.4. Magnetic nanoparticles


	3. Nanotechnology in cancer treatment
	3.1. The concepts and mechanisms of nanotechnology-based therapy in cancer
	3.2. Green synthesis of nanoparticles: a new approach in cancer treatment

	4. Nanodentistry and maxillofacial pathology
	4.1. Benefits and applications
	4.2. Potential hazards and risks
	4.3. Recent application of nanomaterials for maxillofacial diseases and oral cancer management

	5. Concluding remarks and future perspectives
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	References


