
Chinese Chemical Letters 34 (2023) 108060

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Dentin-desensitizing biomaterials

Qihui Wanga,b, Jiayi Luanb,c, Zhilong Zhaoa, Weihui Konga, Congxiao Zhanga,∗,
Jianxun Dingb,∗

aDepartment of Stomatology, the First Hospital of Jilin University, Changchun 130061, China
b Key Laboratory of Polymer Ecomaterials, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, China
c VIP Integrated Department, Jilin Provincial Key Laboratory of Tooth Development and Bone Remodeling, School and Hospital of Stomatology, Jilin

University, Changchun 130021, China

a r t i c l e i n f o

Article history:

Received 15 October 2022

Revised 10 December 2022

Accepted 12 December 2022

Available online 14 December 2022

Keywords:

Biomaterial

Dentin hypersensitivity

Dentinal tubule closure

Dental nerve blockade

Regenerative medicine

a b s t r a c t

Dentin hypersensitivity (DH) associated with dentinal tubule exposure is one of the most common causes

of toothache with a rapid onset and short duration. Medication, filling repair, laser irradiation, crown

therapy, and desensitizing toothpaste are standard clinical treatment strategies, but unsatisfactory treat-

ment modalities are marked by long-term administration, poor dentinal tubule closure, microleakage, and

the development of secondary caries. To improve the treatment efficiency of DH, numerous organic or

inorganic biomaterials have been developed to relieve toothache and reverse the instability of desensiti-

zation. Biomaterials are expected to participate in dental remineralization to achieve desensitization. This

review discusses various biomaterials for DH therapy based on different desensitization mechanisms, in-

cluding dentinal tubule closure and dental nerve blockade, and presents a perspective on the underlying

future of dentin regeneration medicine for DH therapy.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Dentin hypersensitivity (DH) is a common clinical symptom

with the typical characteristic of a toothache induced by varying

degrees of dentin exposure. Due to the lack of adequate evalu-

ation criteria, the incidence of DH in different regions and pop-

ulations shows considerable heterogeneity. According to the pub-

lished results of random-effects meta-analyses, the incidence rate

of DH is about 33.5% [1]. Existing studies have primarily focused

on populations in Europe and Asia, university clinics, and commu-

nity settings. The typical sharp toothache seen with DH arises from

exposed dentin under various external stimuli that include tem-

perature (hot or cold), chemicals (sour or sweet), and mechani-

cal action (friction or mastication). Multifactorial etiologies cause

dentin exposure, including physiological and pathological factors

[2]. The most common physiological factor for dentin exposure is

the physiological gap between the enamel and cementum. Tooth

wear, wedge-shaped defect, tooth fracture, dental caries, periodon-

tal atrophy, filling and noncompaction, tooth bleaching, and dental
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root leveling are essential pathological factors in the development

of DH [3].

Dentin is composed of dentinal tubules, dentine fibers, and

matrix. Dentinal tubules run through the whole dentin and are

arranged radially from the dental pulp surface to the enamel-

dentinal junction. Dentinal tubules contain nerves, blood vessels

(Scheme S1A in Supporting information), odontoblasts processes,

and dentinal fluid. Open dentinal tubules are visible on the ex-

posed dentin surface. The number of open dentinal tubules in

DH is eight times that of normal dentin, and their diameter is

2-fold [4].

The most widely accepted DH pathogenesis is Brannstrom’s hy-

drodynamic theory [5–7]. Dentinal fluid flows under external stim-

ulation, and odontoblast membranes are susceptible to dentinal

fluid flowing and sudden pressure changes. Toothache arises from

the relaxation and compression of odontoblasts and odontoblast

processes, the mechanical deformation of nerve fibers, the broad-

ening of sodium ion (Na+) channel, and fiber depolarization [8]. In

addition, direct innervation theory and odontoblastic transduction

theory further explain the pathogenesis of DH. Direct innervation

theory holds nerve fibers extend from the dental pulp to denti-

nal tubules. The pulp nerves in exposed dentinal tubules trans-

mit external stimuli through nerve endings, then finally transfer

nerve signals to the brain center to report a toothache (Scheme

S1B in Supporting information). The odontoblasts and their

https://doi.org/10.1016/j.cclet.2022.108060
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Scheme 1. DH desensitization therapy involves various biomaterials to achieve dentinal tubule closure and dental nerve blockade.

processes play a synaptic-like role in nerve transmission [9].

Adenosine triphosphate (ATP), neuropeptides, and glutamate are

involved in toothache signal transduction as neurotransmitters

[10]. Neuropeptides, such as substance P, neurokinin A (Scheme

S1C in Supporting information), and calcitonin gene-related pep-

tide (Scheme S1D in Supporting information) are increased un-

der orthodontics, dental caries, and other external stimuli (Scheme

S1E in Supporting information). Increased levels of neuropeptides

are essential in the development of toothache [11–13]. Odontoblas-

tic transduction theory mainly holds that odontoblast protrusions

run through the dentin and eventually form enamel spindles at

the enamel-dentinal junction. Odontoblasts contribute to toothache

by mediating signaling through acetylcholine released after

stimulation.

The exposed dentinal tubules are the effective targets for DH

therapy. Dentinal tubule closure and dental nerve blockade are

the ultimate goals of desensitization therapy [14]. Current clini-

cal treatments, including medication, filling repair, laser irradiation,

and desensitizing toothpaste are summarized in Table S1 (Support-

ing information). Desensitization medicines with low toxicity, such

as sodium monofluorophos-phate gel, sodium fluoride (NaF) glyc-

erin, NaF solution, strontium chloride (SrCl2), diamine silver flu-

oride [AgF:(NH3)2AgF] and silver iodide (AgI), can be easily ap-

plied to the exposed dentin surface [15–20]. However, saliva and

chewing quickly remove any desensitizing medicine placed on the

dentin surface. Improper application of silver nitrate (AgNO3) con-

taining desensitizers carries the risk of staining teeth and burning

oral soft tissue. Filling repair results in the loss of normal dental

tissue and is only suitable for patients with DH symptoms with

few teeth [16]. A high degree of tightness is essential for the mar-

gins of filling repair site, as poor tightness results in microleak-

age and secondary caries. Lasers with simple administration have

an immediate desensitization effect. However, cracks on the dentin

surface and possible damage to soft oral tissue limit their appli-

cation. Desensitizing toothpaste can be used independently by pa-

tients to relieve DH but is also easily removed by acid, friction, and

saliva stimuli, showing poor acid resistance, friction resistance, and

stability.

Exposed dentinal tubules are constantly affected by a compli-

cated oral environment, and deposition from desensitizing bioma-

terials in dentinal tubules is required to increase resistance to var-

ious stimuli. The composition and physical properties of deposits

determine the effectiveness of dentinal tubule closure. In addition

to an ability to penetrate dentinal tubules and achieve dental nerve

blockade, desensitizing materials must also meet essential crite-

ria proposed by American endodontist Grossman, as follows: no

pulp stimulation, painless, easy administration, rapid action, and

no tooth coloring. To date, researchers have examined numerous

organic or inorganic biomaterials as possible effective desensitizing

treatments. As a powerful weapon, biomaterials thrive in cardio-

vascular and cerebrovascular diseases, cancer, tissue damage, and

DH. The synthesized biomaterials are easy to process to control

their properties and biocompatibility. Compared with natural bio-

materials and biologically inert materials, this avoids some restric-

tions and paves the way for more targeted applications. Biomate-

rials are viable therapeutic tools to address the shortcomings of

current clinical strategies, hence achieving a long-lasting desensiti-

zation effect.

This review elucidates the mechanism of different desensitiz-

ing biomaterials in detail (Table S2 in Supporting information),

such as reducing dentinal tubule diameter, ion precipitation, bionic

mineralization, protein precipitation, and dental nerve blockade

(Scheme 1). At the same time, the emerging opportunities of

dentin regeneration biomaterials in the treatment of DH deserve

deep exploration.

2. Primary desensitization mechanism

Based on Brannstrom’s hydrodynamic theory, direct innervation

theory, and odontoblastic transduction theory, researchers have

found that exposed dentinal tubules, nerves, blood vessels, and

odontoblasts are involved in the development and progression of

DH. Hence, the changing diameter and density of exposed denti-

nal tubules, effectively regulating the transmission of protein inside

and outside the blood vessels, and blocking nerve signal transmis-

sion are considered the foci of desensitization treatment. Besides,

desensitizing materials with acid resistance, friction resistance, and

stability lay a foundation for realizing a long-term effective desen-

sitization effect.

2.1. Dentinal tubule closure

The sealing rate and depth of dentinal tubules are significant

in DH therapy. Modulating dentinal tubule deposition behaviors

via biomaterials is promising in dentinal tubule closure. Significant

goals in effective desensitization conclude reducing the diameter of

dentinal tubules, forming ion precipitation via a desensitizing coat-

ing, promoting bionic mineralization, and protein exudation and

coagulation in dentinal tubules. Mechanisms of different desensi-

tizing materials capable of regulating dentinal tubule closure are

summarized in Table S2 (Supporting information).

2



Q. Wang, J. Luan, Z. Zhao et al. Chinese Chemical Letters 34 (2023) 108060

2.1.1. Reducing diameters of dentinal tubules

Lasers have been applied to treat various oral diseases, in-

cluding dental caries, oral mucosal diseases, pulpitis, and DH.

Lasers, such as the diode laser, the neodymium-doped yttrium alu-

minum garnet (Nd:YAG) laser, the neodymium-doped yttrium alu-

minum perovskite (Nd:YAP) laser, the erbium:yttrium-scandium-

gallium-garnet (Er:YSGG) laser, the erbium:yttrium-aluminum-

garnet (Er:YAG) laser, the erbium, chromium:yttrium-scandium-

gallium-garnet (Er,Cr:YSGG) laser, the carbon dioxide (CO2) laser,

helium-neon (He-Ne) laser, and the gallium aluminum arsenide

(GaAlAs) laser are commonly used in DH therapy [18,21–44]. The

treatment effectiveness rate of He-Ne laser ranges from 5.2% to

100%, GaAlAs laser ranges from 53.3% to 94.2%, CO2 laser ranges

from 59.8% to 100%, Nd:YAG laser ranges from 5.2% to 100%, and

Er:YAG laser reportedly ranges from 38.2% to 47%. Meanwhile,

Er,Cr:YSGG laser keeps desensitizing stability for three months

[45].

These lasers have the potential ability to achieve dentinal

tubule closure and relieve DH. Lasers transmit light energy to heat

up and melt the dentin surface, and then, a double-layered tubule

structure is formed to reduce the diameter of exposed dentinal

tubules. Halving the diameter of dentinal tubules minimizes the

amount of dentinal fluid in dentinal tubules by up to 16 times

[46]. Besides, lasers evaporate dentinal fluid and deposit insoluble

salt in dentinal fluid, reducing the movement of dentinal fluid [47].

However, some researchers have proposed that lasers cannot com-

pletely occlude dentinal tubules and play a specific role in reducing

their diameter.

The CO2 laser reduces the diameters of dentinal tubules by

melting and solidifying the dentin surface. However, CO2 irradia-

tion results in dentinal cracks and collagen fiber degradation. To

achieve a better desensitization effect, researchers have applied

laser and desensitizing agents like bioactive glass (BG) to exposed

dentinal tubules simultaneously. BG acts with dentin to form an

amorphous hydroxyapatite (HA) layer on the dentin surface to seal

exposed dentinal tubules [39,48–50]. The simultaneous application

of CO2 laser and BG paste prevents crack formation and collagen

fiber degradation [51]. BG also completely dissolves and penetrates

dentinal tubules under Nd:YAP laser irradiation. Specifically, the Si-

O-Si bond of BG is broken and polymerized, which induces the

enrichment of calcium (Ca) and phosphorus (P) and promotes the

adhesion of BG to the walls of dentinal tubules, thus achieving ef-

fective DH therapy [28]. In addition to BG, various desensitizers,

such as Gluma R© (GD; Heraeus, Germany), Teethmate desensitizer

(TMD; Kuraray Noritake Dental Inc., Tokyo, Japan), and photother-

mic agents, could be used together with lasers to obtain a better

desensitization function [25,52]. Desensitizing agents play a crit-

ical role in assisting laser desensitization, reducing the diameter

of dentinal tubules, and avoiding crack formation on the dentin

surface. The dentin surface is heated and carbonized by absorbing

laser energy. Desensitizers absorb part of the laser energy, which

helps prevent irreversible damage to dentin caused by high tem-

perature. Besides, desensitizing agents are melted, absorbed and

transformed, and crystallized and recrystallized under laser irradi-

ation. The synergistic effect of laser and desensitizer improves the

acid resistance of DH therapy.

DH treatments with appropriate wavelengths and frequencies

of lasers—such as treatments with Nd:YAG laser at 1064.0 nm

and 1.5W, Er:YAG laser at 60.0mJ/pulse and 2.0Hz, CO2 laser at

10,600.0 nm and 1.0W, diode laser at 810.0 nm and 1.5–2.5mW,

Nd:YAP laser at 1340.0 nm and 30.0Hz, and Er,Cr:YSGG laser at

2780.0 nm and 0.25W—play a significant role in dentinal tubule

closure [28,32,33,44,51]. However, the wavelengths and frequencies

of these lasers are not immutable, and more effective wavelengths

and frequencies of lasers are worthy of further exploration. More-

over, laser security deserves more attention. Previous researches

suggest that the thermal energy generated by laser application

damages the periodontium and dental pulp tissue, and the ther-

mal change damage threshold for periodontal ligaments is 7 °C, and
that for dental pulp is 3 °C [53,54].

2.1.2. Ion precipitation

Tooth brushing controls plaque and dental calculus, thus pre-

venting dental caries and periodontal disease. Therefore, it is fea-

sible to add desensitizing agents to toothpaste. Various desensi-

tizing agents in marketed toothpaste, including potassium nitrate

(KNO3), NaF, stannous fluoride (SnF2), calcium sodium phosphate

silicate (CSPS), calcium phosphate (Ca3(PO4)2), Sr, arginine nano-

materials, and so forth, have the ability to occlude dentinal tubules

[55–63]. Desensitizing toothpaste agents could be deposited into

dentinal tubules as a continuous, uniform coating on the dentin

surface.

HA is the main component of dentin, whose use has been re-

ported to promote enamel remineralization, tooth whitening, and

desensitizing [64–66]. The Ca/P ratio in the HA is 1.67, reveals the

composition of inorganic components in dental tissue. The change

of Ca/P ratio on the dentin surface may change the proportion

of organic/inorganic components, eventually achieving dentin per-

meability change. Desensitizers with poor acid resistance can be

dissolved by acid etching, resulting in the re-exposure of denti-

nal tubules. Crystalline biomimetic HA could be deposited on the

dentin surface, even after acid etching [67]. The diameter of denti-

nal tubules ranges of 0.9–2.5 μm. HA particles with smaller diam-

eters penetrate dentinal tubules more easily. Therefore, toothpaste

containing nano-sized HA (nano-HA) had a better desensitizing ef-

fect than micron-sized HA (micron-HA), and toothpaste containing

80nm of HA was more effective in sealing dentinal tubules than

that containing 300nm of HA [68]. HA dissolved in dentinal fluid

to form a highly saturated Ca and P environment. The released ions

continued to enter dentinal tubules to shape sediment and occlude

dentinal tubules. Micro-HA particles had a smaller contact sur-

face area with dentinal fluid than nano-HA particles. Therefore, it

was difficult for micron-HA particles to degrade to form a Ca- and

P-rich environment. At the same time, the chemical activity of

nano-HA particles surface makes them tightly adhere to dentinal

tubules, which is significant in resisting external stimuli and im-

proving the Ca/P ratio of the dentin surface.

Fluoride elements in toothpaste replace hydroxyl groups of HA

to form fluorapatite (FAp). FAp is difficult to dissolve. Hence, the

chemical stability and acid resistance of FAp are better than those

of HA in a complex oral environment. Fluoride increases the de-

gree of dentin mineralization and forms an obvious high-density

mineralization area on the dentin surface [69,70]. In research, a

multi-benefit SnF2-based toothpaste stabilized with zinc (Zn) and P

immediately sealed dentinal tubules by >80%. The tin (Sn2+), zinc

(Zn2+), phosphate (PO4
3−), and silicon ions (Si4+) of the toothpaste

deposited on the dentin surface and formed a desensitizing coating

to realize dentinal tubule closure [71]. Elsewhere, the Ca2+, fluo-

ride ion (F−), and Zn2+ of a unique fluorozinccalsiumsilicate-based

desensitizer (CAREDYNE Shield, GC Dental Industrial Corporation,

Tokyo, Japan) were deposited in dentinal tubules, and the ion pre-

cipitation on the dentin surface sealed dentinal tubules effectively

[72]. Besides, Zn2+ inhibits the degradation of dentin collagen and

reduces the occurrence of dentin demineralization [73]. During ex-

periments, AgF:(NH3)2AgF blackened teeth due to Ag precipitation,

but replacing Ag with Si promoted the formation of apatite and

did not stain teeth. Elsewhere, the formation of Si-Ca P complex

precipitation by ammonium hexafluorosilicate (SiF:(NH4)2SiF6) re-

alized dentinal tubule closure [74]. Meanwhile, calcium fluoride

(CaF2) added to toothpaste continuously releases F− to promote

the formation of low-solubility FAp, which is beneficial to the

treatment of DH [75].
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Fig. 1. Dentin desensitizing agent mediated by TA/Fe3+ complex. (A) TA/Fe3+ complex to seal dentinal tubules. (B) Evaluation method of dentinal tubule permeability. (C, D)

Dentinal permeability assessment under 200 mm H2O for 600 s after TA/Fe3+ and Gluma R© treatment. (E) Energy dispersive spectroscopy of HA mineralization on dentin

slice after TA/Fe3+ treatment. (F) Human periodontal ligament (hPDL) tissue. (G, H) Assessing hPDL cell adhesion and proliferation on TA/Fe3+-coated and HA-remineralized

cell culture dishes. NS=not significant (P>0.05). ∗P<0.05. Reproduced with permission [81]. Copyright 2015. The author(s).

These desensitizing materials achieve dentinal tubule closure by

releasing ions into dentinal tubules. Desensitizing materials shape

a coating on the dentin surface, which continues imbuing ions into

dentinal tubules that bind closely to the walls of dentinal tubules,

and ion precipitation eventually occludes exposed dentinal tubules.

However, bionic remineralization promotes the formation of miner-

alization. The structure of mineralization is closer to dentin tissue,

which has better acid resistance, friction resistance, and stability

than ion precipitation. More information is shown in Supporting

information (Section S1, Ion precipitation).

2.1.3. Bionic remineralization

Ion precipitation plays a specific role in relieving DH. How-

ever, due to the poor acid resistance and stability of desensitiz-

ing agents, simple brushing and ion deposition lead to a short-

term desensitization effect in patients with severe DH. Therefore,

developing a desensitizer with a noticeable desensitization effect

and a long-term stable effect is essential. Based on the Grossman

desensitizer standards, most researchers have devoted themselves

to developing biomimetic analogs that promote the nucleation and

growth of HA. Polydopamine (PDA), chitosan, poly(ethylene glycol)

(PEG), biomimetic self-assembled peptide, copine-7 (CPNE7), BG,

and mesoporous silica (MSN) play significant roles in the forma-

tion of HA [76–78]. Biomimetic analogs penetrate the deep layer

of dentinal tubules owing to their small molecules and promote

the conversion of Ca2+ and HPO4
2- into HA, the precipitates with

acid and friction resistance bind tightly to the walls of denti-

nal tubules. Thus, biomimetic analogs have considerable prospects

for long-term desensitization. Dentinal remineralization is an ideal

method for DH therapy. Lima et al. compared the desensitiz-

ing effects of PDA, poly(3,4-dihydroxy-l-phenylalanine) (DOPA),

poly(caffeic acid), and a synthesized DOPA-peptide possessing col-

lagen Ca-binding domains (DOPA-Ahx-(Gly)3-(Glu)5) [79,80]. Cat-

echol molecules in these compounds promoted the remineraliza-

tion of HA in the orifice and inner walls of dentinal tubules. The

progress of dentinal remineralization mainly involved oxidation

containing catechol molecules, binding to exposed collagen fibers

and crystal nucleation. However, this research did not confirm the

responses of materials to acid and friction.

Oh et al. proposed a tannic acid iron(III) (TA/Fe3+) complex,

which formed a composite film on the dentin surface to signifi-

cantly reduce the dentinal permeability (Figs. 1A and B) [81,82].

It was exciting to observe that the film withstood mechanical

friction. The characteristic purple color on the dentin surface

confirmed the special targeting of TA/Fe3+. The effectiveness of

Gluma R© in DH therapy has been proven in clinical studies. The

change in dentinal permeability after treatment with TA/Fe3+ was

similar to that seen after a single treatment with Gluma R© (Figs.

1C and D). After soaking in saliva for seven days, needle-like HA

crystals (Fig. 1E) could still be found densely and uniformly filled

with dentinal tubules. A low concentration of TA/Fe3+ still has high

binding energy in water. A gap between the enamel and cementum

leads to the exposure of internal dentin. Therefore, the atrophy of

periodontal tissue exacerbates dentin exposure in the oral environ-

ments (Fig. 1F). The TA/Fe3+ complex provides suitable conditions

for the growth of fibroblasts and promotes the periodontal tissue
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Fig. 2. Dentinal remineralization of LYZ-PEG nanofilm. (A) LYZ-PEG-mediated dentinal remineralization. (B) Energy dispersive X-ray (EDX) spectrum of remineralization layer

after applying LYZ-PEG. (C) XRD results of dentin, ethylene diamine tetraacetic acid (EDTA)-etched dentin, and remineralization layer. (D) Results of air pressure tests of

dentin samples with different treatments. (E) Air pressure infiltration apparatus. (F) Antifouling surface of LYZ-PEG nanofilm. Reproduced with permission [87]. Copyright

2019, John Wiley & Sons.

regeneration (Figs. 1G and H). The renewal of periodontal tissue

has a significant assistant role in dentinal tubule closure.

The desensitization mechanism of a gallic acid (GA)/metal ion

complex was similar to that of TA/Fe3+. In research, robust and re-

versible GA/metal complexes, including Sr2+, Ca2+, Fe3+, titanium
dioxide (TiO2), iron(III) oxide (Fe2O3), and silicon dioxide (SiO2),

adhered to the dentin surface to form HA nucleation sites, which

were used as cores of remineralization to form dense HA crys-

tals. Due to the stability of the GA/Fe3+ complex, the octahedral

complex displayed the fastest deposition rate and highest sealing

rate of dentinal tubules, so Fe3+ stood out from other metal ions

or metal oxides [83]. GA/Fe3+ overcame the disadvantages of the

long incubation time of TA with saliva and the poor color effect of

TA/Fe3+. The sealing result of GA/Fe3+ was also better than that of

the TA/Fe3+ complex. Pyrogallol moieties were bound to Ca2+, so

the pyrogallol moieties in GA might be considered responsible for

the nucleation of anisotropic growth of HA. GA/Fe3+ promoted the

proliferation of periodontal tissue cells, showing good biocompati-

bility and an auxiliary desensitization effect.

Chitosan, a natural polymer obtained via the deacetylation of

chitin, promotes the remineralization of acid-etched dentin and

increases the retention of tin salts and fluoride on demineral-

ized tooth structures [84,85]. Carboxymethyl chitosan (CMC) and

lysozyme (LYZ) form a nanogel through electrostatic interaction.

Amorphous calcium phosphate (ACP) is involved in the formation

of HA in the process of biomineralization. Thus, loading ACP onto

nanogel promoted dentin biomimetic remineralization. At the same

time, CMC takes part in improving the stability of ACP in solutions.

In research, the CMC/LYZ-ACP nanogel deposited Ca2+ and PO4
3−

onto the dentin surface to form HA mineralization, and the min-

eralization was tightly bound to dentinal tubules. Mineralization

and natural dentin have similar properties, hardness values, and

elastic moduli [86]. LYZ-PEG had an application prospect in DH

therapy [87]. In this research, LYZ-PEG oligomer emulsion spreaded

rapidly with strong adhesion on the dentin surface, and the partic-

ipation of LYZ triggered the material to form amyloid aggregation

and promoted the formation of a solid PEG-lated nanofilm on the

dentin surface. Functional groups, such as carboxyl, hydroxyl, and

amino groups on the nanofilm surface, supported the chelation of

Ca2+ and HPO4
2- and formed a desensitizing layer on the walls

of dentinal tubules to promote dentin remineralization (Fig. 2A).

The Ca/P ration and X-ray diffraction (XRD) data revealed that the

main component of remineralization layer was HA (Figs. 2B and C).

The sealing depth of LYZ-PEG in dentinal tubules was calculated to

be up to 60±5μm. A dentin slice treated with Lyso-PEG retained

dentinal tubule closure after ultrasonication, and the air perme-

ation test showed that the dentin slice had the characteristic of air

pressure resistance (Figs. 2D and E). Green OrTM desensitizer with

poor mechanical resistance could not penetrate the deep depth of

dentin, so it could not withstand ultrasonication. The nanofilm had

5
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the characteristics of protein, biofluid, and bacteria resistance (Fig.

2F), so it was not affected by extreme pH, organic solvent, and pro-

tease and overcame the shortcomings of poor long-term desensi-

tizing effect, poor stability, and insufficient sealing depth.

BG (P2O5-Na2O-CaO-SiO2) is currently used in many fields, such

as angiogenesis, inflammation, bone repair, periodontal disease,

and DH [88–91]. BG has a long-term remineralization effect and

good biological activity [92]. In experiments, nano-BG formed ap-

atite rods in dentinal tubules that were mechanically chimeric

with dentin, achieving a stable desensitization effect [93,94]. Else-

where, the apatite layer formed by nano-structured sol-gel BG on

the dentin surface realized the chemical combination between the

material and dentin. It revealed that materials remained bound

to dentin even after being brushed or repeatedly soaked in an

acid solution [95]. A unique multi-component BG, SiO2-P2O5-CaO-

CaF2-SrO-SrF2-ZnO-Na2O-K2O with increasing CaF2 and SrF2 con-

tent, released F− and potassium ion(K+) on the dentin surface to

occlude dentinal tubules [96]. Nd:YAP laser application assisted

BG in improving the desensitization effect [28]. Moreover, dental

pulp-derived mesenchymal stem cells (DP-MSCs), a crucial factor

in dentin mineralization, differentiated into the dentin structure

using BG and laser application [97].

MSN materials have shown excellent properties in the

field of desensitization. Calcium carbonate@mesoporous silica

(CaCO3/CCMS) was mixed with 30% phosphoric acid (H3PO4) to

form CCMS-HP (Fig. S1A in Supporting information), which re-

leased Ca2+ into dentinal tubules and absorbed Ca2+ from the

surrounding microenvironments to form mineralization in denti-

nal tubules, resulting in an increasing ratio of Ca/P in dentinal

tubules. Dicalcium phosphate dehydrates (DCPD), tricalcium phos-

phate (TCP), and HA crystals are found in dentinal tubules at a

depth of approximately 40μm [98]. CaHPO4 precipitate formed

upon mixing CCMS and H3PO4 (Fig. S1B in Supporting informa-

tion). However, due to the unique structures of dentinal tubules

and complex oral environments, crystal formation may be slightly

different. The alkaline phosphatase (ALP) assay reveals that CCMS-

HP has the potential ability to induce the activity of ALP through

the dentin. Meanwhile, CCMS-HP utilizes the remineralization abil-

ity of DP-MSCs to achieve dentin remineralization (Fig. S1C in Sup-

porting information). Ca3(PO4)3 formed along the walls of denti-

nal tubules instead of forming a desensitizing layer at the dentinal

tubule orifice to block external stimuli (Fig. S1D in Supporting in-

formation). The coating will block the continuous penetration of

ions.

Ionic precipitation DH therapy mainly deposits ions to the sur-

face and interior of dentinal tubules and achieves transient and

poorly stable dentinal tubule closure. Bionic remineralization has

a promising prospect in DH therapy due to exhibiting long-term

and sound desensitizing effects. HA nucleation and growth can

be induced by simulating an oral environment, introducing func-

tionalized groups, and providing mineralized molds. Biomimetic

analogs penetrate the deep layer of dentinal tubules due to their

small molecules. While promoting the conversion of Ca2+ and

HPO4
2- into HA, the mineralized material shows acid and fric-

tion resistance and is tightly integrated with the walls of denti-

nal tubules. Thus, biomimetic mineralization holds considerable

promise to achieve a long-term desensitizing effect. More informa-

tion is shown in Supporting information (Section S2, Bionic rem-

ineralization).

2.1.4. Protein precipitation

Most desensitizers mainly form crystals or barriers in denti-

nal tubules to reduce dentinal permeability and achieve a practi-

cal desensitizing effect. In addition to various ions, dentinal tubule

fluid contains plasma protein, non-collagenous protein. Desensi-

tizers use the characteristics of dentinal tubules containing pro-

tein components to achieve effective desensitization by precipitat-

ing plasma protein in dentinal tubules. Non-collagenous proteins

mainly take part in dentin mineralization.

The polymerization of Admira Protect resulted in the pre-

cipitation of plasma proteins from dentinal tubules, and an in-

tratubular septum layer formed in the lumen of dentinal tubules,

thereby reducing the dentinal permeability and dentinal fluid flow

[99]. Gluma R© contains 3% glutaraldehyde and 35% hydroxyethyl

methacrylate (HEMA) [100,101]. Treatment of DH with Gluma R© re-

lieved toothache immediately [49]. The glutaraldehyde in Gluma R©
induced plasma protein precipitates into dentinal tubules. A di-

aphragm was formed in dentinal tubules under physiological con-

ditions to isolate bacteria and protect the dental pulp from exter-

nal stimulation [102]. However, the degradation of HEMA led to

Gluma R© with poor acid resistance and stability.

Ag nitrate acted like Gluma R© by promoting the protein depo-

sition released from vascular sources to occlude dentinal tubules.

As mentioned above, silver nanoparticle-loaded and nonporous

silica-encapsulated mesoporous silica (Ag-MSNs@nSiO2) deposited

Ag ions to seal dentinal tubules. However, the maintenance of the

desensitization effect depended on continuous protein aggregation

[103].

2.2. Dental nerve blockade

The complete closure of dentinal tubules blocks external stimuli

from acting on the deep nerves, which assists in nerve desensiti-

zation. Therefore, some researchers consider nerve signal blockade

to be an effective target for the treatment of DH. The disruption of

transient receptor potential (TRP) channels, TREK-1 (K+ channel),

Na+ channel, Ca2+ channel, and ATP activation on odontoblasts and

dental primary afferent neurons are considered essential targets for

achieving analgesia [10,104–107].

TRP, TREK-1, Na+, and Ca2+ channels are sensitive to mechani-

cal stimulation, and mechanical stimulation is converted into elec-

trical signals to activate them. The intracellular Ca concentration

increases, and odontoblasts release ATP. The closure of dentinal

tubules reduces the activation of channels by mechanical stimu-

lation.

The GaAlAs laser transmits a portion of irradiation energy to

the nerve for transient desensitization [44]. In experiments, this

laser prevented C fibers from experiencing afferent depolarization,

improved the pain threshold, and showed an immediate analgesic

effect. TRP transmits various external stimuli, such as temperature

and pressure. The Er,Cr:YSGG laser disrupted the TRP channels to

achieve rapid desensitization [108]. Bacteria penetrated dentinal

tubules via exposed dentin and reduce the pain threshold. Mean-

while, Er,Cr:YSGG laser application increased the toothache thresh-

old by inhibiting bacteria and assisting desensitization. Therefore,

the laser had a potentially significant role in relieving toothache

[109,110].

K+ exists in most desensitizers, including desensitizing tooth-

paste, Desensibilize Nano P, Sensodyne R© oral rinse (potassium

chloride (KCl)), potassium oxalate desensitizer, D/sense R© (Centrix

Inc., Shelton, CT, USA), and other products with K salts [111–116].

K+ acts on nerve synapses through dentinal tubules, affecting nerve

signal conduction, causing action potential inactivation, and ulti-

mately relieving toothache. The ability of potassium citrate to re-

lieve toothache was better than that of potassium oxalate, and

that of potassium oxalate was better than those of KNO3 and KCl

[117,118]. Many studies have confirmed the effectiveness of K+ in

DH therapy. However, there are various obstacles to inhibiting the

role of K+ in vivo. With the consumption of K+, toothache is in-

creased, and researchers have questioned the desensitization effect

of K+.
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With the deepening of the research, McCormack et al. proposed

an indirect analgesic effect of the second messenger nitric oxide

(NO) based on the comprehensive analysis of effectiveness of K+

[119]. Researchers have confirmed the auxiliary role of NO in de-

sensitization therapy. Only a tiny amount of K+ is required to in-

duce NO synthesis, and inducible NO synthase (iNOS) within odon-

toblasts causes a sustained release of NO. The desensitization ef-

fect of applying a low-pH sodium chloride (NaCl) solution after

thoroughly cleaning the dentin surface appeared better than that

of monohydrogen-monopotassium oxalate. Researchers have pro-

posed that an acidic salt solution may have an analgesic effect

[120]. However, the specific mechanism of action is still unclear.

3. Discussion and perspectives

Treating DH is a highly elusive clinical challenge in dentistry.

Long-term, effective control of dentinal tubule openings is criti-

cal for successful DH therapy. However, the clinical applications

of existing strategies with poor acid resistance, friction resistance,

and stability hindered by the complicated oral environments, and

the desensitization effect are unsatisfactory. Therefore, it is nec-

essary and urgent to develop advanced strategies or improve the

efficiency of current treatments. Elucidating the pathogenesis of

DH lays the cornerstones for developing innovative and effective

therapeutic strategies. There has been promising progress made in

developing biomaterials that regulate dentinal tubule closure and

dental nerve blockade in the past few years. Different biomaterials

have shown advantages and disadvantages in DH therapy by re-

ducing dentinal tubule diameter, forming ion precipitates, promot-

ing bionic mineralization, forming protein residues, and blocking

nerve conduction.

The desensitization of laser with short administration is rapid

and effective. However, the frequency and wavelength of laser

should be carefully regulated to avoid forming dentin cracks and

soft tissue damage. The laser can be applied simultaneously with

desensitizers to prevent dentin cracks. Desensitizers shape a coat-

ing on the dentin surface and release ions into dentinal tubules

to form ion precipitation that achieves mechanical occlusion with-

out adhesion. However, due to the poor acid and friction resis-

tance and poor stability, ions show a short-lived desensitization

effect in the face of a complex oral environment. Hence, the for-

mation of bionic remineralization is of particular importance. The

mineralization is formed inside dentinal tubules by desensitizing

agents. It resembles the dentin components and achieves strong

adhesion to dentin to maintain stable desensitization in the face

of acid, friction, and saliva. Nerves and blood vessels within denti-

nal tubules located in the deep layer of dentinal tubules, desen-

sitizers must have an absolute particle size advantage, be able to

enter the deep layer of dentinal tubules, and have the ability to

act on nerves and blood vessels. Nerve blockade can fundamen-

tally resolve the toothache of DH. However, with the consumption

of ions, toothache relief gradually diminishes and be faced with a

new round of toothache in the future.

HA is the main component of dentin, and biomaterials that pro-

mote HA remineralization have attracted much attention in DH

therapy. Consequently, under ideal conditions, we will be able to

tailor biomaterials for dentin regeneration to improve the speed

and quality of desensitization. The chemical and physical prop-

erties of biomaterials, such as hardness, adhesion, and functional

groups, can be adjusted for better desensitization. Mineralization

is formed by biomimetic remineralization, and dentin is integrated

to resist external stimuli and prevent external stimuli from act-

ing on nerves through dentinal tubules, thus eventually eliminating

toothache.

In conclusion, during the desensitizing process, dentinal tubule

closure and dental nerve blockade are essential goals for com-

plete desensitization. Any stimulation conditions that disrupt the

sealing effect may reverse the desensitization effect. The develop-

ment of biomaterials offers more advanced and promising treat-

ment strategies to compensate for the deficiency of clinical thera-

peutic approaches. Under differentiated and complex pathophysio-

logical conditions, future research on biomaterials should focus on

the precise regulation of dentin regeneration. Based on the basic

structure of normal dental tissue, the realization and application of

biomaterials that simultaneously promote enamel and cementum

regeneration is also a goal of future research. Research on the tar-

geted regulation of biomaterials is still in its infancy. Future works

should focus on combining the latest discoveries of advanced tech-

nologies in materials to realize precise regulation of the regener-

ation process of dental tissue. Hopefully, these biomaterials will

provide higher efficiency for DH therapy in the foreseeable future.
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