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KEYWORDS Abstract Enamel, being the hardest and the highest mineralized tissue of the human body, con-
Nanohydroxyapatite; tains nearly 96% inorganic components and 4% organic compounds and water. Dentin contains
Dental caries; 65% inorganic components and 35% organic and water content. The translucency and white
Remineralization; appearance of enamel are attributed to Hydroxyapatite (HA), which constitutes the major part
Hydroxyapatite; of the inorganic component of dental hard tissue. With the advent of nanotechnology, the applica-
Nanoparticles; tion of Nanohydroxyapatite (nHA) has piqued interest in dentistry due to its excellent mechanical,
BDlenuﬁ' Implantology; physical, and chemical properties. Compared to HA, nHA is found to have superior properties such
eaching

as increased solubility, high surface energy and better biocompatibility. This is due to the morpho-
logical and structural similarity of nanosized hydroxyapatite particles to tooth hydroxyapatite crys-
tals. These nanoparticles have been incorporated into various dental formulations for different
applications to ensure comprehensive oral healthcare. To prevent dental caries, several nHA based
dentifrices, mouth rinsing solutions and remineralizing pastes have been developed. nHA-based
materials, such as nanocomposites, nano impression materials, and nanoceramics, have proven
to be very effective in restoring tooth deformities (decay, fracture, and tooth loss). The nHA coating
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on the surface of the dental implant helps it bind to the bone by forming a biomimetic coating. A
recent innovative strategy involves using nHA to reduce dentinal hypersensitivity and to reconstruct
periodontal bone defects. The purpose of the present review is to discuss the different applications
of nHA in dentistry, especially in preventive and restorative dentistry, dental implantology, bleach-
ing and dentine hypersensitivity management.

© 2023 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Hydroxyapatite (HA) has been one of the most studied bioma-
terials in medicine and dentistry due to its biocompatibility
and role as the primary constituent of the body’s hard tissues,
namely bone and teeth. HA, an effective source of calcium and
phosphate, hence it is useful for remineralizing the demineral-
ized enamel regions in case of incipient carious lesions (Pepla,
et al., 2014). Owing to its porous structure, HA exhibits poor
mechanical properties. When compared with normal HA, the
nHA has some exceptional properties like superior solubility,
increased surface energy and better biocompatibility. It also
has a larger reaction surface due to its small size and has excel-
lent bioactivity property when compared to larger sized crys-
tals (Amaechi et al., 2019). nHA has gained interest in
prevention of caries by remineralizing the affected enamel
and dentin due to carious attack. In early carious lesion, the
dental hard tissue loses mineral ions by bacterial acid attack,
but leaves the collagen matrix intact. nHA remineralizes the
organic scaffold in the carious attack by directly replacing lost
minerals or as a carrier for lost mineral ions. To achieve this
remineralizing effect, nHA is incorporated in dentifrices. When
synthetic nHA is applied onto the tooth surface, the nanopar-
ticles penetrate the tooth porosities, forming a protecting coat-
ing on the tooth surface (Souza et al., 2015). The nHA is
considered has a favorable scaffolding material for bone regen-
eration since it resembles bone in chemical and crystal struc-
ture. A study reports that the Gel-nHA scaffold has
odontogenic activity which is favorable for endodontic regen-
eration (Shahi, et al 2022). Even though the diverse application
of nanotechnology is vastly researched, there is still little
knowledge about its cytotoxicity and safety. Few studies
reports that nano-hydroxyapatite can infiltrate systemic
regions through oral epithelium and cause cytotoxicity (Tay
et al., 2014; Komiyama et al., 2019). In dentistry, the utiliza-
tion of various materials for oral usage necessitates the use
of low or non-toxic agents, which is important for both
patients and staff. Moreover, prior to clinical application,
screening tests should evaluate any potential toxicity (Shahi,
S et al., 2019).(See Table 1).

1.1. Synthesis of Nanohydroxyapatite

To synthesize nanohydroxyapatite, various methods such as
co-precipitation, wet precipitation, hydrothermal,
mechanochemical, hydrolysis, solid state and sol-gel method
can be used. Among these, wet chemical precipitation method
is the most commonly used method as it is highly reproducible,
simple as well as economical. A key advantage of this method
of synthesis is that the only byproduct is water. nHA obtained
by wet precipitation is non-stoichiometric whereas that

obtained from solid state method is stoichiometric nHA
(Abidi and Murtaza, 2014). Microwave hydrothermal method
with ultra-sonic atomization precipitation can be used for big
scale and rapid synthesizing of nHA powder. The resulting
nano-powder exhibits homogenous size distribution and excel-
lent dispersibility [Cai et al., 2019]. However, using an electro-
spining technique, nHA coated Nanofibrous scaffolds are
created, which are a promising material for bone tissue engi-
neering, wound dressing applications, healing bone defects,
and healing bone defects. The electrospining method of coat-
ing nHA on various polymers such as cellulose, poly(L-
lactide), collagen, and chitosan improves the bioactivity of
polymeric nanofibers (Fauziyah et al., 2021; Sato et al., 2021;
Ao et al., 2017; Seyedjafari et al., 2010; Stocco et al., 2021;
Ribeiro et al., 2014).

2. Applications of Nanohydroxyapatite in dentistry

The nHA is a ground-breaking material with numerous appli-
cations in dentistry. It is used in a diverse array of dental appli-
cations, including implantology, dentin hypersensitivity
management, bleaching, and for the prevention and restora-
tion of dental caries teeth which is discussed in the below sec-
tion (Fig. 1) (Bordea et al., 2020).

2.1. Implantology

Nanohydroxyapatite is most often utilized to coat stainless
steel implants and titanium implants to improve bone bonding
and new bone genesis, resulting in improved bone-to-implant
contact. In-vivo study has reported that nHA crystals depos-
ited onto dental implants have a biological effect and revealed
significant presence of osteoblast, osteoclast, and proinflam-
matory markers (Breding et al., 2014). Oliveira et al. investi-
gated the response of a nHA coating implant using gene
expression analysis, indicating its benefits in enhancing bone
formation in diabetic rats (de Oliveira et al, 2021).
Nanohydroxyapatite-silicate based cement could enhance the
primary stability of dental implants in case of circumferential
bony defects around implants (Khorshidi et al., 2017). The
nHA combined with Zinc Oxide nanoparticles (nZnO) found
to have antibacterial action on titanium discs of three coatings
(nZnO; nZnO + nHA; nHA) and untreated titanium
(Abdulkareem et al., 2015). Memarzadeh et al. investigated
the efficiency of nZnO as a coating material, as well as a com-
posite coating material composed of 75% nZnO and 25%
nHA. He demonstrated that these materials have strong
antibacterial action when exposed to Staphylococcus aureus
(Memarzadeh et al., 2015). Jimbo et al. compared nanoscale
HA-coated implant with uncoated implant and found that
both implants have almost same bone to implant contact.
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Table 1 Recent Evidences on the Nanohydroxyapatite Application in the Field of Dental Implantology, Dentin Hypersensitivity

Management, Bleaching, and Dental Caries Prevention and Restoration of Teeth.

Authors, Year of Type of Aim of the study Conclusion

Publication Study

Yadav and Meena, In -vitro  Formed a resin-based micro-nano particulate-filled = Thermal stability was better with Aluminium

2022 [70] restorative composite and analyzed the consequence oxide-nHA filled dental composite t than
of variable nHA filler concentration on their Titanium dioxide-nHA filled dental composite
thermomechanical and thermogravimetric
properties.

Soares et al., 2022 [78] In -vitro  Studied the activity of human dental pulp cells on Mineralized matrix formed after 21 days was 9
polycaprolactone/nHA nanofibrous scaffolds, for times higher for PCL + 2%nHA formulation
dentin regeneration in vital pulp therapy as compared with the control

Baskar et al., 2022 [79] In -vitro  Assessed odontogenic differentiation capabilities of  DPSCs on 1:5 nHA-CMC scaffolds showed
porous bio-mineralizable composite scaffolds with enhanced cell viability nd proliferation along
eggshell derived nHA and Carboxymethyl Chitosan with increased expression of DSPP as well as
(CMC) on dental pulp stem cells. VEGF

Ardani et al., 2022[80] In -silico  Evaluated the binding molecular docking of PEEK with nHA displayed a striking binding
Polyether Ether Ketone (PEEK) incorporated with  affinity with ALP and IGF-1 osteogenic
nHA as a biomaterial for orthodontic mini-implant markers and hence has increased potential for
fabrication osseointegration.

Netalkar et al., 2022[81] In -vitro  Evaluated the effect of nHA incorporation on The nHA incorporated sealant showed more
fluoride releasing ability, penetration, and samples with no bubbles or debris. The
adaptation of pit and fissure sealant. fluoride releasing ability was higher in nHA

incorporated sealant group.

Tamburaci and In -vitro  Fabricated a bilayer nanocomposite membrane with Novel bilayer nanocomposite membranes can

Tihminlioglu 2021[82] microporous sublayer composed of chitosan and be utilised as a material for guided bone
silicon doped nanohydroxyapatite particles (Si- regeneration in dentistry especially in
nHap) and chitosan/polyethylene oxidenanofiber periodontal applications.
upper layer.

Niu et al., 2021[83] In- vitro A novel polyamide-6/chitosan@nano- PA6/CS@n-HA/PAG bilayered scaffolds
hydroxyapatite/polyamide-6 (PA6/CS@n-HA/PA6) exhibited safety, good bioactivity,
bilayered tissue guided membranes was formed. biocompatibility and osteo-conductivity for

bone regeneration

Fang et al., 2022 [84] In -vitro A scaffold using gelatin, nano-hydroxyapatite, GHMS showed superior bone regeneration
metformin(GHMS) was made and its effectiveness in compared to extraction-only, Sinbone and
bone regeneration was studied in a rat alveolar bone Bio-Oss Collagen groups.
defect model.

Amaechi et al., 2022 [85] RCT Investigated whether combined usage of nHA dental The application of a dental lotion containing
lotion (Apagard Deep Care) after tooth-brushing 5% nHA after brushing resulted in superior
with nanoHAP toothpaste (Apagard M—plus) remineralization compared to a placebo
enhanced the remineralization process. lotion.

Yoshida et al., 2021 [86] In -vitro  Studied the effectiveness of dental adhesive material 30% nHA/SB promoted maximum reparative
Super-bond (SB), which included 10%, 30%, and dentin formation and hence can be used as an
50% nHA (naHAp/SB) on odontoblastic apt direct pulp capping agent.
differentiation of dental pulp stem cells) and the
formation of reparative dentin was also investigated.

Gamal et al., 2022 [87] Animal Compared histologically the bone regenerative Both the groups showed bone formation but

Study ability of combination of hyaluronic acid (HLA) with the HLA + HANP group the bone
with nanohydroxyapatite (HANP)and using HANP formation was better as HLA accelerated the
alone in treating bony defects in rabbit calveria. initiation of new bone production when

coupled with HANP.

Sharifi et al., 2022 [88] In-vitro Formed and analyzed the properties of a novel root There was a significant increase in cell viability

study repair material with nHA, Portland cement, and in the novel root repair material containing
bismuth oxide. hydroxyapatite nanoparticles after 3 and

7 days

Bozoglu et al., 2022 [89] In-vitro  Osteogenic potential of PEEK implants coated with Enhanced periodontal ligament cells adhesion

boron doped nHA on periodontal ligament cells and proliferation on the surface of PEEK
implants coated with boron doped nHA
compared with untreated PEEK implants

Ji, D. and Lu, D 2022 [90] In-vitro  Effect of nHA composite polyamide 66 at the Enhanced bone repair nHA composite

and interface between bone tissue and titanium implants polyamide 66 material showed enhance bone

Animal on repairing type II diabetics bone defects repair between bone and implant. The

study material had good biocompatibility and less

cytotoxicity

Karthika, 2022 [91] In vitro Fe (III) and Cu (II) incorporated hydroxyapatite Fe/Cu-HAP coating on titanium implant

(continued on next page)
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Table 1 (continued)

Authors, Year of Type of Aim of the study Conclusion

Publication Study
coatings (Fe/Cu-HAP) on titanium implant was showed uniform deposition with improved
developed and assessed for biocompatibility and biocompatibility and bioactivity. The coating
antibacterial activity had improved antibacterial activity against

Staphylococcus aureus and Escherichia coli

Hajinaebi et al., 2022 [92]  In-vitro Ciprofloxacin (CIP) was loaded onto a nHA-coated Implant coated with CIP-nHA showed crack-

Ti-6Al-4 V implant. free homogenous coating on the surface with
sustained release of CIP. The antibacterial
activity of S. aureus and E. coli was higher on
the implants coated with CIP-nHA

Moharam et al., 2022 [30] Clinical Effect of 2.5% Arginine and nHA application on the The use of desensitising agents had no effect

study post-bleaching hypersensitivity and color change. on the bleaching outcome, but there was a
statistically significant colour change.

Alsen et al., 2022 [93] Clinical Comparison of nHA with fluoride for the treatment Both fluoride and nHA had similar effect

study of dentin hypersensitivity following ultrasonic
scaling:

Vitiello et al., 2022 [94] In-vitro Remineralization potential of CPP-ACP mousse CPP-ACP mousse nHA gel showed better
nHA gel, 5% SF varnish, ACP functionalized with  surface remineralization compared other
fluoride and carbonate-coated with citrate remineralizing agents
toothpaste and

Elembaby et al., 2022 [95] In-vitro Effect of nHA incorporation into resin infiltrant on  High-quality resin tags in demineralized
the mineral content, surface tomography, and resin  enamel with enhanced mineral density, resin
tag penetration of demineralized enamel. penetration and smooth surfaces

Wahba et al., 2022 [96] In-vitro Comparison of fluoride varnish, fluoride mouth- Fluoride varnish, fluoride mouthwash showed
wash, Self- Assembling Peptide (P;;-4), CPP-ACP, caries-preventive effects whereas other agents
and nHA in prevention and arrest of Primary Tooth did not show any effect
Enamel Lesions

Sebastian et al., 2022 [97]  In-vitro Comparison of CPP-ACP, nHA and Calcium CSP showed highest surface microhardness
Sucrose Phosphate (CSP) on artificial enamel lesion followed by nHA and CPP-ACP

Erdilek et al., 2022 [98] In-vitro Comparison of remineralization potential of fluoride Homemade nHA paste had a enhanced
gel, sodium fluoride toothpaste, and homemade nHA  remineralization potential of early enamel
paste on artificial early enamel caries. caries lesions

El-Gar et al., 2022 [99] In-vitro Assessment of biocompatibility and antibiofilm NHA-LPS suspension showed enhanced
activity of suspension of nHA of large nanoparticle bacterial adhesion and biofilm thickness in
size¢ (NHA-LPS) and nHA -small particle size compared to NHA-SPS.

(NHA-SPS)

Atef et al., 2022 [100] In-vitro Effectiveness of diode laser, fluoride varnish and All the remineralizing agents were equally
nHA on the enamel microhardness and microstruc- effective in increasing microhardness and
tural alterations of the primary teeth enamel was maintaining enamel microstructure integrity.
assessed

Eliwa et al., 2022 [101] In-vitro  Comparison of remineralization potential of nano- Enamel surface microhardness was highest in

seashell, nano-pearl, and nHA pastes with fluoride-
based toothpaste.

fluoride-based toothpaste, nano pearl paste,
nano-seashell paste and nHA.Fluorescence

was decreased to greatest in nano-seashell,

fluoride-based toothpaste, nHA pastes and

least in nano pearls.

The nano-indentation showcased that the quality of tissues
was significantly improved around the hydroxyapatite coated
implants (Jimbo et al., 2012). The performance, mechanical,
and biological properties of Ti-6Al-4 V dental implants were
improved by coating them with nHA using a modified
mechanical coating technique (Ahmadzadeh et al., 2020). In
an in-vitro study, a collagen, bone morphogenic protein-2,
and nHA composite solution coated onto dental implants
powerfully expressed osteo-nectin, a marker of osteoblastic
differentiation, and induced mesenchymal stem cell differenti-
ation and osteoblastic differentiation. Whereas, placement of
this coated dental implants on rabbit tibias showed greater
bone formation after 4 weeks (Pang et al., 2021).

2.2. Bleaching and dentinal hypersensitivity

Desensitizing gels containing remineralizing agents like fluo-
ride, casein phosphopeptide amorphous calcium phosphate
(CPP-ACP), and nHA are used to reduce hypersensitivity after
bleaching, which occurs in 70% of bleached patients
(Santoset al., 2015). Because of nHA surface remineralization
property, which adds an apatite coating to the tooth’s surface,
nHA is preferred over desensitizing agents in the treatment of
hypersensitivity. The nHA has a high affinity for demineralized
surfaces and binds to them. The nHA multiply and aggregate
to form microclusters, resulting in an even layer of apatite that
can fully overlap prismatic and interprismatic enamel. Thus,



Nanohydroxyapatite in dentistry

745

Nano

Hydroxyapatite
; A Y

Fig. 1

nHA restores the altered enamel morphology by preserving the
crystallinity of the enamel. Browning et al. tested the efficacy
of a nHA paste in alleviating bleaching-related tooth sensitiv-
ity. In 42 subjects, a nHA paste and a placebo (zero-HA) paste
were assigned at random. The researchers looked into three
characteristics of tooth sensitivity: the percentage of partici-
pants, the number of days, and the intensity level. The colour
change was evaluated. Tooth sensitivity was reported by only
29 percent in the nHA group whereas the non-nano hydroxya-
patite group showed 51 percent sensitivity. The study con-
cluded that paste containing nHA can effectively lessen the
duration of tooth sensitivity in people who use teeth whiteners
(Browning et al., 2012). A study by Shetty et al. showed that
desensitization was significantly boosted by hydroxyapatite
at 25% concentration in a liquid slurry and at 100% concen-
tration in a dry sol form. (Shetty et al., 2010). nHA paste
can heal minute enamel flaws, preventing the sensory reaction.
The existence of enamel flaws has been demonstrated to pro-
mote bleaching-related tooth sensitivity. These flaws have been
repaired using a nHA paste. According to Ferraz et al., the
inclusion of varied concentrations of nHA in 35% hydrogen
peroxide had no effect on the bleaching of enamel and deep
dentin, nor did it affect bond strength of the enamel post
bleaching (Ferraz et al., 2018). Another study found that
bleached human enamel treated with nHA derived from
chicken eggshell increased enamel microhardness after bleach-
ing significantly (Kunam et al., 2019). The application of
bleaching agent containing 6% and 12% hydrogen peroxide
loaded with nHA preserved the interprismatic enamel struc-
ture without altering the enamel morphology and chemical
composition (Orilisi et al., 2021). Monterubbianesi et al
demonstrated that 6% hydrogen peroxide bleaching gel
enriched with nHA safe and effective at home bleaching system
since it has a potential to maintain the enamel microstructure,

Implantology

Bleaching and
Dentinal
Hypersensitivity

Dental Caries
Prevention

Various Dental Applications of Nanohydroxyapatite.

without changing the color (Monterubbianesi et al., 2021). Ina
comparative study showed that 2.5% Arginine and nHA are
equally effective for the management of post-bleaching dentin
sensitivity (Moharam et al., 2022). Studies report that there is
enhanced clinical performance and dentine hypersensitivity
relief using nHA containing agents (de Melo Alencar et al.,
2019; Oubenyahya et al., 2021). Clinically toothpaste contain-
ing either 10% or 15% nHA (10 or 15%) solely or supple-
mented with potassium nitrate was as effective as calcium
sodium phosphosilicate for relief of dentine hypersensitivity
symptoms when applied at least twice daily. The study also
found that toothpaste containing 15% nHA was more effective
than toothpaste containing 10% nHA at reducing dentin sen-
sitivity (Amaechi et al., 2021). 20% nHA creamis equally
effective to 20% pure silica containing dental cream in reliev-
ing the dentine hypersensitivity symptoms (Amaechi et al.,
2018).Dentifrices containing nHA have showed complete clo-
sure of dentine tubules and intertubular dentine coverage with
significant mineral deposition on the dentin surface (Bologa,
et al., 2020).

2.3. Nano-hydroxyapatite in dental caries prevention

Nano-hydroxyapatite has been used in toothpastes for caries
prevention since 1980 mainly in Japan, and in the year 1993,
it was approved as an anti-caries agent by the Japanese
Government (Kani et al., 1989). nHA prevents dental caries
mainly by exhibiting strong binding affinity with proteins
and plaque and bacteria fragments, thus there is an increase
in the surface area for the proteins which binds to it. It acts
as filler and repairs the enamel surface depression which is
enhanced due to its small size. According to few researchers,
the mechanism of action of nHA is that it promotes reminer-
alization by depositing apatite nano-particles in enamel
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Demineralized Area

Enamel Rods

Fig. 2 Mechanism of Action of Nanohydroxyapatite (nHAP) on Initial Enamel Caries.

defects. Another mechanism of action is that nHA acts as a
calcium phosphate reservoir, keeping a state of super-
saturation with regard to enamel minerals, enhancing reminer-
alization and inhibiting demineralization. (Huang et al., 2011;
Philip N et al., 2019).The nHA has the ability to reprecipitate
the minerals on the carious lesion surface which is aided by its
surface bio-activity combined with its chemical as well as phys-
ical resemblance to tooth enamel. The nHA was found to
induce constant enamel caries remineralization by producing
a homogeneous apatite layer on the demineralized enamel sur-
faces by chemically bonding to natural apatite crystals. The
hardness along with the modulus of elasticity of the restored
enamel is same as the natural enamel. Incipient enamel lesion
has highly porous enamel surface hence allows greater penetra-
tion of nHA. These particles will then act as a template and
continue to attract calcium and phosphate ions thus leading
to promotion of crystal growth and integrity (Fig. 2).Research
by Huang et al revealed that a 10% nHA suspension is the
most optimum concentration for remineralizing incipient cari-
ous lesions. There was a strident increase between the reminer-
alization effect at 5% and 10% concentrations. For the
concentrations above 10%, not much increase in remineraliza-
tion was seen. This might be because the nHA deposited on the
outer enamel layer will block the porosities on the enamel sur-
face and limit further diffusion into the carious lesions in the
short period of remineralization. The calcium concentration
in nHA solutions was considerably higher than the micro
hydroxyapatite solutions. The increased calcium concentration
promotes the saturation of oral fluids with hydroxyapatite,
thus facilitating the apatite minerals deposition in carious
regions and leading to remineralization. The mineralization
effect was maximum at a pH of 4.0 whereas pH 7.0 showed
least mineralization (Huang et al., 2011). Along with reminer-
alization, the nHA rinses have also proven to be effective in
increasing tooth microhardness. nHA may also have a syner-
getic role in remineralization with fluoride. nHA in a 0.05%
Sodium fluoride mouth rinse is found to be helpful to reminer-
alize early carious lesion (Haghgoo et al., 2014). Tschoppe
et al. in 2011 developed a compound called zinc carbonate
nHA and demonstrated that it has similar remineralizing
capacity on enamel and dentin when compared with fluoride
(Tschoppe et al., 2011).

Katarzyna Grocholewicz et al. showed that the combina-
tion of nHA and ozone therapy is more effective than when
applied individually for remineralization of approximal initial
carious lesions (Grocholewicz, et al., 2020). Daas in 2018 com-
pared the remineralization potential of nHA paste and fluoride
varnish and concluded that there is no significant difference
between the two (Daas et al., 2018). Juntavee et al. devised
an intriguing strategy by studying the effect of nHA gel and
Clinpro (CP) on the remineralization ability of enamel and
cementum on the cavo-surface area, and it was discovered that
nHA was highly capable in the remineralization of enamel and
cementum. (Juntavee et al., 2021). The use of 10% nHA den-
tifriceon the demineralized enamel surface after post
orthodontic debonding showed enhanced remineralization
assessed using extracted maxillary premolar (Verma et al,
2021). In primary teeth, GC Tooth Mousse® and nHA tooth-
paste had the same remineralizing effect as 1000 ppm fluori-
dated toothpaste, as evaluated by surface microhardness on
artificial caries (Kasemkhun et al., 2021). The highest reminer-
alizing potential was found in nHA-containing dentifrice,
followed by  bioactive glass, CPP-ACP  (casein
phosphopeptide-amorphous calcium phosphate), and fluoride.
There was a noteworthy difference in surface microhardness
and the formation of hydroxyapatite crystals after treating
the demineralized teeth samples in all groups (Geeta et al.,
2020). An in-vitro study to assess root dentin demineralization
using high fluoride (F™) concentration (5,000 pg F/g) and nHA
showed that both dentifrices reduced dentine demineralization
(Leal et al., 2020). A comparative study of the remineralization
potential of nHA, NovaMin, and amine fluoride dentifrices on
artificial enamel caries found that all are efficient in remineral-
izing artificial carious lesions. However nHA dentifrices that
nHA dentifrice produced better effects with significantly
decreased lesion depth compared to amine fluoride and Nova-
Min dentifrices (Manchery et al., 2019).Another study com-
pared the effects of various dentifrices, such as bioactive
glass Novamin, nHA, functionalized tricalcium phosphate,
and grape seed extract, on the initial stage of demineralization
through remineralization. The bioactive glass Novamin recov-
ered the most surface microhardness, followed by functional-
ized tricalcium phosphate, nHA, and grape seed extract
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(Joshi et al., 2019). In-situ study showed that dental lotion with
5% nHA was effective in remineralizing initial caries and inhi-
bition of enamel demineralization when applied twice daily for
6 months in patients undergoing fixed orthodontic treatment
(Amaechi B.T et al., 2021). Immediate application of Iranian
nHA toothpaste and fluoride toothpaste after debonding the
fixed orthodontic treatment for 6 months consistently showed
reduced lesion extent and increased amount of remineraliza-
tion on early enamel lesions. (Badiee et al., 2020). Wierichs
et al. suggested that both fluoride-free dentifrices, one contain-
ing nHA did not hamper demineralization (Wierichs et al.,
2020). In a clinical study, initial carious lesions detected using
ICDAS caries diagnostic criteria subjected to three different
remineralizing agents such as Tricalcium phosphate paste
(TCP), Fluoride varnish, and nHA. At week five, the DIAG-
NOdent scores of incipient carious lesions were recorded to
assess the remineralizing effect. The results of the study
showed that all the 3 remineralizing agents had a momentous
remineralizing effect on incipient caries on both occlusal and
smooth surfaces. The nHA gel showed highest significant effect
on initial caries as compared to both fluoride varnish and TCP
paste (Alhamed et al., 2020). Compared to in-vitro study, there
is insufficient clinical evidence for nHA’s efficacy in reducing
dental caries formation and remineralizing early carious
lesions. Apart from remineralization properties, the nHA can
also inhibit bacterial colonization of Streptococcus mutans
due to excellent absorptive properties of the nHA on salivary
proteins (Lu et al., 2007). The effect of nHA on the glucosyl-
transferase genes expression showed enhanced the transcrip-
tion of gtfB, gtfC and gtfD which encodes enzymes
responsible for insoluble glucans production (Park et al.,
2019).Two different nHA-based toothpastes containing substi-
tuted with metal ions namely Zinc-carbonate substituted nHA
(o toothpaste) and Fluoride, Magnesium, Strontium-
carbonate substituted nHA (B toothpaste) assessed on early
colonization and biofilm formation. The effect of o toothpaste
was high on early colonization and biofilm formation com-
pared to B toothpaste (Ionescu et al., 2020).

2.4. Nanohydroxyapatite in GIC

Hydroxyapatite being the most stable derivative of calcium
phosphate saltswere incorporated into GIC to improve its
properties like, compressive strength, flexural strength, micro-
hardness, reduction in cytotoxicity, increases fluoride ion
release and enhance its antibacterial properties. Sincehydrox-
yapatite exhibits increased crystallinity, nHA is incorporated
into cement and has an increased compressive strength ranging
between 107 and 113.6 MPa. (Barandehfard F et al., 2016). A
study by Moheet et al. showed that there was an increase of
53.34% in the flexural strength with the addition of 10%
nHA to GIC. This change in the flexural strength is because
of porosity of HA. The release of fluoride ions is enhanced
because of the bigger surface area of nHA particles contribut-
ing to an increase in acid - base reactivity (Moheet IA et al.,
2018). Kheur et al. studied the effects of integrating nHA in
glass ionomer luting agents and evaluated the shear bond
strength to the tooth as well as the flexural strength. This
was compared with the conventional GICs, resin modified
GIC, and also with adhesive resin. While adhesive resin show-
cased maximum flexural strength as well as showed highest

shear bond strengths, the authors inferred that experimental
nHA modified glass ionomer cement had better bonding of
the polyacid’s carboxyl groups with the calcium present in
the natural tooth to synthetic hydroxyapatite (Kheur et al.,
2020). Alatawi et al. conducted a similar experiment, by incor-
porating various concentrations of nHA into GIC. The results
showed that adding nHA increased the release of fluoride ion
by the conventional GIC. Furthermore, when an 8% concen-
tration of nHA was used, the bacterial inhibition against
Streptococcus mutans was quite significant (Alatawi RAS
et al., 2019). Noorani et al. compared the cytotoxicity of
nHA-silica incorporated into GIC to that of conventional
GIC and resin-modified GIC on human Dental Pulp Stem
Cells (DPSCs). In terms of cytotoxicity, the experimental
nHA-silica-GIC was comparable to the conventional GIC
but superior to the resin-modified GIC (Noorani et al.,
2017). A more complex hybrid product containing GIC—
nHA-mucosal defensive agent—antibiotic emulsion was tested
by Pagano et al. for its mechanical, thermal and biological
properties. The study showed that the complex hybrid product
improved the mechanical properties, especially in oral cavity
because of its wet environment and with the powder formu-
lated antibiotic. The addition of nHA which has antibiotic
and mucosal defensive properties, significantly decreased the
overall toxicity of the cement (Pagano et al., 2019).

2.5. Nanohydroxyapatite in dental composite

Meena et al investigated on adding 5-20 wt% nHA and Min-
eral Trioxide Aggregate (MTA) on various properties of dental
composite. The nHA filler was seen to improve the thermal sta-
bility of dental composite than MTA filler (Meena et al., 2017).
Another study evaluated the effect of micro/nHA rod addition
in composite resins on its strength and remineralization.
Hybrid nano-rods and micro-rod HA filled composites dis-
played great potential application for teeth restoration (Wu
et al., 2019). Lung et al. found that composite resin matrix -
when reinforced with 30 wt% silanized-nHA improved the
physical and mechanical properties of a Bis-GMA based com-
posite resin (Lung et al., 2016). Yadav et al. aimed to study the
efficacy of 3-methacryloxypropyl trimethoxy silane and 3-
aminopropyl triethoxysilane treated nHAP filler in developing
high-strength, thermally-stable photocurable dental compos-
ite with enhanced thermo-mechanical properties. This func-
tionalized nHA based dental composite material was
considered as a substitute for restorative dentistry (Yadav
and Gangwar, 2021). The alumina nHA and titanium oxide
nHA hybrid form of dental composite restorative material
was assessed for thermo-mechanical and thermogravimetric
properties. The study results showed that alumina nHA filled
dental composite was more significant than titanium oxide
dental composite material (Yadav and Meena, 2022).

2.6. Application of Nanohydroxyapatite in orthodontics

The use of nHA under orthodontic bands reduced microleak-
age but had no effect on tooth colour changes following
orthodontic debonding (Malekpour B et al., 2022; Enan, and
Hammad, 2013). During active orthodontic treatment, a bio-
mimetic nHA solution reduced hard tissue demineralization.
Bond strength values for brackets and attachments were
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reduced following remineralizing treatment. Composite attach-
ments had higher adhesion values than brackets. When com-
pared to demineralized enamel, remineralized enamel with
biomimetic nHA had higher microhardness values (Scribante
et al 2020).

2.7. Nanohydroxyapatite in Periodontal Tissue Regeneration

Recently nHA is considered as a viable alternative to autoge-
nous bone grafts in periodontal tissue and alveolar tissue
regeneration because it has several advantages such as biocom-
patibility, minimal morbidity as well as absence of toxicity. If
nHA is coupled with some other active particles or biologic
mediators, it can boost periodontal tissue regeneration even
more when used alone. nHA has been studied to be helpful
in periodontitis in supporting alveolar bone regeneration. An
animal study by Tanongpitchayes et al. on preservation of
post-extraction sockets of dogs with clinical periodontitis by
development of a nHA-based Hydrogel found that it could
enhance regeneration of extraction socket in dogs with peri-
odontitis. Hence, it can be used as a bone substitute for
post-extraction socket preservation, which would further help
in planning for future dental implant placement
(Tanongpitchayes et al., 2021). A recent article concluded that
the nHA graft displayed promising results clinically in peri-
odontal regeneration and hence can be used for treating the
intrabony defects (Wang et al., 2020). The Nano-
Hydroxyapatite-Modified Collagen material (nHAC) and
Fibroblast Growth Factor (bFGF) composite scaffold mate-
rial was developed to regenerate and repair periodontal tissue.
This scaffold material had a dense and porous 3D structure
that increased bFGF loading and locked the periodontal liga-
ment cells, promoting cell growth and attachment (Wang et al.,
2020). The osteogenic differenting capability of Periodontal
Ligament Stem Cells (PDLSCs) derived from ovariectomized
rats was demonstrated by the collage-based composite scaffold
composed of nHA and poly(L-lactide). PDLSCs adhered,
expanded, and proliferated on the collagen-based composite
scaffold, producing a large amount of mineral matrix (Xu
et al., 2016). The 1% nHA/chitosan scaffold demonstrated a
favourable environment for the growth of Human Periodontal
Ligament Cells (HPLCs) as well as improved cytocompatibil-
ity. Furthermore, the alkaline phosphatase and type I collagen
levels produced by the HPLCs on the 1% nHA /chitosan scaf-
fold were significantly higher than those produced by the pure
chitosan scaffold (Zhang et al., 2007). The nHA deposited on
polymer blends of Poly (D,L-lactic acid)/poly(D, L-lactic- co-
glycolic acid) by sonication method could potentially improve
bone cell adhesion, structural stability, detrimental pH varia-
tions, and wetting properties. The developed composite mem-
brane exhibited extended membrane degradation time with a
potential to enhance the process of periodontal tissue regener-
ation disease (Higuchi et al., 2019). To regenerate periodontal
bone tissues in diabetic patients with impaired immune sys-
tems, a conductive alginate/gelatin scaffold composed of
polydopamine-mediated graphene oxide and hydroxyapatite
nanoparticle was developed. This scaffold exhibited cell affin-
ity with good conductivity which stimulated Ca®" ion chan-
nels on the cell membrane and promoted influx of Ca®>" ion.
The scaffold aided in secretion of osteogenesis-related cytoki-

nes by suppressing M1 macrophage polarization and M2
macrophages activation (Li et al., 2022). Besides above men-
tioned applications nHA can also be utilized to repair bone
abnormalities caused by trauma or surgery. nHA can be uti-
lized with success in tissue engineering and regeneration of
bone/cementum when conjucted with stem cells and growth
factors and placed on a scaffold. It can be used in oral surgical
operations such as repair of cleft lip and palate and periodon-
tal therapies (Al-Ahmady et al., 2018).

2.8. Cytotoxicity of nanohydroxyapatite

Despite the fact that nanotechnology is already part of our
daily lives, there has been much debate on the safety of nano-
materials. According to reports, nano-silica has different bio-
logical features from micro-level material in terms of skin
penetration and nuclear entrance, and it has a number of neg-
ative biological impacts both locally and systemically, includ-
ing DNA fragmentation. A study by Tay et al has shown
that n-HAP particles are taken up and cause cytotoxicity in
monolayer grown human oral epithelial (TR146)cells (Tay
et al., 2014). Komiyama et al conducted a study on the perme-
ability of n-HA on oral epithelium, showed that Nano-
hydroxyapatite may encounter resistance when trying to enter
the oral epithelium due to stratum corneum. Furthermore,
given the lifespan of oral epithelial cells is 5-7 days, the surface
cells of the non-keratinized mucosa where nanoparticles are
absorbed are likely to degenerate within that time. Their find-
ings imply that it is unlikely for nano-hydroxyapatite to infil-
trate systemic regions through oral epithelium (Komiyama
et al., 2019).

3. Conclusion

Nanohydroxyapatite is a promising revolutionary material in
the prevention of early carious lesion mainly due to greater
source of free calcium. The development of Nanofiber loaded
with nHA as a composite material is explored minimally. 3D
printed nHA with varied polymeric composition still need to
be further explored for dentin-pulp regeneration. Apart from
remineralization various other applications of nanohydroxya-
patite in dentistry is also extensively researched upon. Its use
in regeneration has opened new vistas in the field of implantol-
ogy [El-Gar et al., 2022]. However, long term studies are
required to establish safety of continuous use nHA in daily life.
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