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This comprehensive literature-based review critically examines the physico-chemical properties of functional monomers 
present in contemporary dental adhesive formulations or dental materials relying on self-adhesive technology. A qualitative 
synthesis of evidence was conducted through searches in PubMed, Scopus, and LILACS over a 20-year period (2005–2025), 
without language restrictions. Data on the chemical structure, composition, adhesive performance, pKa, etching efficacy, 
polymerization, mechanical properties, toxicity, and hydrolytic stability/degradation were analyzed from peer-reviewed 
studies and manufacturer technical information. Several relevant acidic functional monomers are covered, but key players 
include 10-MDP, GPDM, and 4-META. Notably, 10-MDP emerged as the most prevalent monomer in commercial adhesives, 
appearing in nearly 50% of the current adhesives in the market. Its superior adhesive performance and longevity stem from 
its unique chemical characteristics, whereas other commercial acidic monomers, including GPDM and 4-META, are still pres-
ent in many adhesive formulations despite their structural limitations and comparatively lower bonding efficacy. Under-
standing the chemical composition of dental adhesives is essential for achieving improved clinical outcomes and driving 
material development. This knowledge allows clinicians to select adhesive materials based on performance requirements 
and informs future innovations to address challenges such as degradation pathways, biocompatibility, and their overall 
long-term bonding efficacy.
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Research concerning dental biomaterials has attained sig-
nificant advancement in the past decades, resulting in a 

maximization of clinical longevity, thereby extending the life-
time of restored teeth.65 The development of strong and dura-
ble adhesive strategies and formulations, to bond to both 

enamel and dentin simultaneously, is a noteworthy success 
factor in modern operative dentistry.65, 78, 103 Despite these 
technological advancements, there are many challenges in 
dental bonding that remain. Bond degradation is a particular 
concern. In dentin, it is possible to consider two major degra-
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dation pathways: (1) water sorption of adhesives that may lead 
to hydrolysis of chemical groups susceptible to hydrolytic deg-
radation and subsequent elution; (2) interfacial enzymatic bio-
degradation induced by matrix metalloproteinases (MMPs) and 
cysteine cathepsins and/or bacterial biofilm by-products. All of 
these may lead to consequent bond deterioration.95,96 Suc-
cessful dental restorations depend not only on these factors 
but also on often-overlooked details such as technique sensi-
tivity during material placement, the operator’s experience, 
and the chemical composition of the materials, all of which can 
limit the bonding performance of adhesives. Therefore, com-
prehensive knowledge of adhesives and adherence to use rec-
ommendations are crucial to ensure proper placement.

Dental adhesives are a solvated heterogeneous mono-
meric blend of hydrophobic and hydrophilic ingredients that 
may contain a suspension of filler particles.71 Typically, the 
mixture is composed of crosslinking dimethacrylate mono-
mers, such as bisphenol-A glycidyl dimethacrylate (Bis-GMA) 
and triethylene glycol dimethacrylate (TEGDMA) as a viscosity 
regulator, but also co-solvent monomethacrylate monomers 
such as 2-hydroxyethyl methacrylate (HEMA),5, in addition to 
the most commonly used camphorquinone/amine photo-initi-
ator system. However, to achieve chemical adhesion, manu-
facturers also include monomers capable of chemical interac-
tion with the tooth substrate, named acidic functional 
monomers.65 Examples of these are 4-methacryloxyethyl trim-
ellitic acid (4-META), 10-methacryloxydecyl dihydrogen phos-
phate (10-MDP), or glycerophosphate dimethacrylate (GPDM), 
being the most common functional monomers contained in 
contemporary adhesives. These functional monomers are 
characterized by at least one polymerizable methacrylate 
group and an acidic functional group (eg, carboxylic or phos-
phate group in the examples above), which can serve different 
purposes. Thanks to these functional monomers, surface wet-
ting, (partial) etching, and chemical interaction with the tooth 
substrate become possible.116, 128, 132 Differences between 
functional monomers and their performance are generally ex-
plained by their differential chemical structure.56, 120

Over the years, different formulations gave rise to distinct 
dental adhesive generations that can be applied in either one 
of two classical modes: etch-and-rinse (E&R) and self-etch 
(SE), or offering the optional applicability of both of them, as is 
the case for the newest generation of universal adhesives 

(UAs).1 Effective tooth bonding fundamentally requires ad-
equate surface wetting and micromechanical retention, ide-
ally complemented by chemical binding (Fig 1).

The E&R bonding mode consists of about 15-s phosphoric-
acid application followed by a thorough water-rinse phase. 
Next, a monomer mixture in one or two separate steps is ap-
plied, constituting a two-step or three-step E&R adhesive, re-
spectively.81 This process allows resin to diffuse/infiltrate 
within the etched/micro-retentive sites, creating a strong mi-
cromechanical interlocking mechanism, on which E&R adhe-
sives heavily rely, a mechanism that is able to secure the most 
durable bond to enamel. This E&R approach results in a sev-
eral micrometers deep hydroxyapatite (HAp)-depleted hybrid 
layer at dentin. While secondary chemical binding, such as van 
der Waals forces and hydrogen binding, will be involved, pri-
mary chemical binding to the exposed collagen is very un-
likely. This collagen-rich E&R hybrid layer has been docu-
mented to be highly sensitive to time-dependent hydrolytic 
degradation. This is primarily related to incomplete saturation 
of the exposed collagen network with resin,72 and possibly 
also because of the absence of primary chemical interaction 
between the functional monomers and collagen.

The SE bonding mode, on the contrary, does not involve 
phosphoric-acid etching or water rinsing. It employs applica-
tion of a hydrophilic-natured 1- or 2-step adhesive that relies 
primarily on a contained acidic functional monomer that is 
able to mildly (self-)etch and chemically bind to the mineral 
phase in dentin.55, 66 Despite the resultant primary chemical 
binding benefit, SE bonding suffers some limitations: (1) po-
tential interference of surface smear resulting from cavity 
preparation by bur; (2) high hydrophilicity that promotes wa-
ter uptake at the adhesive interface with dentin, in particular 
for thin-film 1-step SE adhesives; and (3) insufficient enam-
el-bonding performance due to the lower acidity of SE adhe-
sives, a convincing reason for practitioners to combine a selec-
tive enamel E&R mode with an SE bonding mode, being 
applied to etched enamel and (un-etched) bur-cut dentin.55, 66

Bond durability plays an important role in adhesive den-
tistry, determining the success of the restorative procedure, 
which, at dentin, is reached by the formation of a stable, cohe-
sive, and well-infiltrated three-dimensional hybrid layer (HL).96,97 
The primary mechanism of dental adhesion still involves 

micromechanical diffusion interlocking at both enamel and 

Fig 1 Primary needs for tooth bonding.
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Fig 2 The adhesion-decalcification (AD) concept that dictates the interaction of functional mono/polymers with mineralized hard tissues.

dentin (Fig 1). In the latter, this is guaranteed by in-situ (co-)
polymerization of resin monomers within a fully (E&R) or par-
tially (SE) demineralized collagen network.61, 88 Secondary 
mechanisms imply the creation of stable primary chemical 
binding, like ionic binding to minerals via dedicated functional 
monomers.126, 132 Although chemical adhesion will not trans-
late into high(er) bond strengths, such a mechanism is able to 
contribute to long-term stability of the adhesive interface as a 
complement to micromechanical retention (Fig 1), in particu-
lar when undertaken in HAp-rich SE hybrid layers. Contempo-
rary UAs typically contain 10-MDP as one of the most effective 
functional monomers available. They thus enable chemical 
binding when used in SE bonding mode. Unlike traditional E&R 
adhesives that lack 10-MDP, UAs applied in E&R mode may also 
achieve chemical interaction at the base of the E&R hybrid 
layer, where residual HAp remains available. While chemical 
interaction between 10-MDP and collagen has been hypothe-
sized in E&R hybrid layers, definitive experimental confirma-
tion is still lacking. Overall, it is important to know that the 
long-term performance of current dental adhesive generations 
is material/product dependent. This requires the clinician to 
plan which adhesive to use and how, in accordance with know-
ledge of its chemical composition.

The chemical binding mechanism was clarified with the 
adhesion-decalcification (AD) concept, introduced by Yoshida 
et al (2001)117 (Fig 2). Functional monomers were found to ei-
ther bond (“adhesion route”) to or decalcify (“decalcification 
route”) the tooth substrate. The chemistry of the monomers 
will dictate whether it is one or the other route. Depending on 
the diffusion rate of the formed calcium-acid complexes into 

solution, the acid will either remain attached to the HAp sur-
face, with only limited decalcification involved, following the 
“adhesion route,” or the calcium-acid complex will de-bond, 
resulting in a substantial decalcification effect following the 
“decalcification route.” As a result, the less soluble calcium salt 
will provide the most intense and stable molecular bond to a 
HAp-based substrate 41, 117,120, 132

Functional monomers can be found in SE adhesives and 
UAs, in some E&R formulations, in self-adhesive composite ce-
ments, but also, most recently, in self-adhesive restorative 
composites.55, 65, 71 Over the years, dental adhesives have been 
improved and simplified, in order to achieve better adhesion 
mechanisms, while largely becoming time-efficient for clin-
icians and patients.22 The incorporation of functional mono-
mers allows adhesives to have an extra bond strategy through 
chemical adhesion. Their composition will influence certain 
bonding determinants such as hydrophobicity/hydrophilicity, 
pH, thickness/quality of the hybrid layer, chemical adhesion 
stability, but also polymerization kinetics and mechanical 
properties.23, 57, 58, 109 In fact, there are several studies that eval-
uate adhesive performance, demineralization efficacy, pH, and 
stability of selected functional monomers.26, 44, 74, 108, 120 Also, 
new functional monomers and materials are currently under 
development.21, 136 Still, there are no updated reviews that 
gather and map important chemical information concerning 
these monomers, nor do they compare their principal charac-
teristics. It is therefore important to gather such data to better 
understand and compare differences in performance seen 
with adhesive materials, while also contributing to the future 
development of dental adhesive technology.
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Table 1 Composition of commercial dental adhesives identified from technical information provided by the respective dental manufacturers, as 
being used in contemporary practice and listed in alphabetical order, per adhesive class

Adhesive Manufacturer Application steps Contained functional monomer

ETCH & RINSE ADHESIVES (E&R)

Scotchbond 1 XT 3M Oral Care/Solventum (St. Paul, MN, USA) 2-step polyalkenoic acid co-polymer

Adper Scotchbond Multi-Purpose 3M Oral Care/Solventum 3-step polyalkenoic acid co-polymer

All-Bond 3 Bisco (Schaumburg, IL, USA) 3-step PENTA

Clearfil Photo Bond Kuraray Noritake (Tokyo, Japan) 3-step 10-MDP

Ecosite Bond DMG (Hamburg, Germany) 2-step 10-MDP

ExciTE F DSC Ivoclar (Schaan, Liechtenstein) 2-step phosphonic acid acrylate

Gluma Bond 5 Heraeus Kulzer (Hanau, Germany) 2-step 4-META

iBond Total Etch Heraeus Kulzer 2-step 4-META

One-Step Bisco 2-step BPDM

Optibond FL Kerr (Orange, CA, USA) 3-step GPDM, MMEP

Optibond Solo Plus Kerr 2-step GPDM

Prime & Bond NT Dentsply Sirona (Konstanz, Germany) 2-step PENTA

ProBOND Total-etch Dentsply Sirona 2-step PENTA

Solobond M Voco (Cuxhaven, Germany) 2-step acidic adhesive monomer

Solobond Plus Voco 3-step HPMA

Tetric N-Bond Ivoclar 2-step 10-MDP

Tokuyama EE Bond Tokuyama (Tokyo, Japan) 2-step HEMA-P

SELF-ETCH ADHESIVES (SE)

Easy Bond 3M Oral Care/Solventum 1-step 6-MHP

Prompt L-Pop 3M Oral Care/Solventum 1-step HEMA phosphates

Beautibond Shofu 1-step phosphonic & carboxylic acid monomers

Clearfil Liner Bond 2V Kuraray Noritake (Tokyo, Japan) 2-step 10-MDP

Clearfil S3 Bond Plus Kuraray Noritake 1-step 10-MDP

Clearfil SE Bond 2 Kuraray Noritake 2-step 10-MDP

Clearfil SE Protect Bond Kuraray Noritake 2-step 10-MDP, MDPB

Contax DMG 2-step unknown

FL-Bond II Shofu (Kyoto, Japan) 2-step 4-AETA, phosphonic acid monomer

Futurabond DC Voco 1-step acidic adhesive monomer

Futurabond M Voco 1-step acidic adhesive monomer

Futurabond NR Voco 1-step acidic adhesive monomer

G-aenial Bond GC 1-step phosphoric acid ester monomer

G-Bond GC 1-step 4-MET, 10-MDP

H-Etchbond Heydent (Kaufering, Germany) 1-step 10-MDP, 4-META

iBond Self Etch Heraeus Kulzer 1-step 4-META

Maxbond LC J Morita (Osaka, Japan) 1-step phosphate esters

One-Up Bond F Plus Tokuyama 1-step MAC-10

Optibond All-In-One Kerr 1-step GPDM

Tokuyama Bond Force II Tokuyama 1-step HEMA-P

Xeno III Dentsply Sirona 1-step Pyro-EMA, PEM-F

Xeno IV One Dentsply Sirona 1-step PENTA

UNIVERSAL ADHESIVES (UA)

AdheSE Universal Ivoclar 2-/1-/2-step 10-MDP, methacrylated carboxylic acid polymer

All-Bond Universal Bisco 2-/1-/2-step 10-MDP

Ambar Universal FGM (Joinville, Brazil) 2-/1-/2-step 10-MDP

BeautiBond Xtreme Shofu 2-/1-/2-step 4-AETA, phosphonic acid monomer
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METHODS

Information Sources
To identify relevant papers with data concerning functional 
monomers used in current adhesive formulations, a compre-
hensive review was performed, from the period of July 2024 to 
March 2025, using the following databases: PubMed/Medline, 
Scopus, and LILACS. The search strategy mainly focused on full 
papers published in the last 20 years (2005–2025), as contem-
porary materials are the aim of this qualitative synthesis, with-
out any language restrictions, although older reference papers 
were also retrieved. This review does not follow a systematic or 
scoping approach as it does not answer an interventive ques-
tion but rather serves to map and gather information concern-

ing adhesive monomers used in material formulations. Full-
text papers containing data such as adhesive performance, 
etching efficacy, interaction mechanisms of monomers to sub-
strates, polymerization, toxicity, and degradation experiments 
were included, as these enable relevant comparisons.

To identify functional monomers present in contemporary 
adhesives, information sheets and safety datasheets provided 
by the respective manufacturers, belonging to dental adhesives 
commercialized by major dental material companies, were ex-
amined. These include, but are not limited to 3M Oral Care 
(Seefeld, Germany; St. Paul, MN, USA; now Solventum), Bisco 
(Schaumburg, IL, USA), Coltène-Whaledent (Altstätten, Switzer-
land), Dentsply Sirona (Konstanz, Germany), DMG (Hamburg, 
Germany), GC (Tokyo, Japan), Heraeus Kulzer (Hanau, Germany), 

Adhesive Manufacturer Application steps Contained functional monomer

Clearfil Universal Bond Quick Kuraray Noritake 2-/1-/2-step 10-MDP

Clearfil Universal Bond Quick 2 Kuraray Noritake 2-/1-/2-step 10-MDP

Ecosite Bond DMG 2-/1-/2-step 10-MDP

Futurabond M+ Voco 2-/1-/2-step acidic adhesive monomer

Futurabond U Voco 2-/1-/2-step acidic adhesive monomer

G2 Bond Universal GC 2-/1-/2-step 4-MET, 10-MDP, MDTP

G-Premio Bond GC 2-/1-/2-step 4-MET, 10-MDP, MDTP

GC Solare Universal Bond GC 2-/1-/2-step phosphoric acid ester monomer

Gluma Bond Universal Heraeus Kulzer 2-/1-/2-step 10-MDP, 4-META

Healbond Max Elsodent (Herblay, France) 2-/1-/2-step 10-MDP

Healbond MP Elsodent 2-/1-/2-step 10-MDP

Ipera Bond Universal Itena Clincal (Villepinte, France) 2-/1-/2-step 10-MDP, 4-META

iBond Universal Heraeus Kulzer 2-/1-/2-step 4-META

K-Bond + Universal Kiyomi (Gijón, Spain) 2-/1-/2-step 10-MDP

Luxabond Universal DMG 2-/1-/2-step 10-MDP

Nova Compo-B Plus Imicryl Dental (Konya, Turkey) 2-/1-/2-step 10-MDP, 4-META

One-Coat 7 Universal Coltène-Whaledent (Altstätten, Switzerland) 2-/1-/2-step 10-MDP

Optibond eXTRa Universal Kerr 2-/1-/2-step GPDM

Optibond Universal Kerr 2-/1-/2-step GPDM

Optibond Universal 360 Kerr 2-/1-/2-step GPDM, 10-MDP

Palfique Universal Bond Tokuyama 2-/1-/2-step phosphate acid ester monomer

Peak Universal Bond Ultradent (South Jordan, UT, USA) 2-/1-/2-step Dymetech™ phosphate monomer

Prime & Bond Active Dentsply Sirona 2-/1-/2-step PENTA

Prelude One Zest Dental Solutions (Carlsbad, CA, USA) 2-/1-/2-step Methacrylate phosphate monomer

ProLink Universal Silmet (Yehuda, Israel) 2-/1-/2-step 10-MDP, 4-MET

Scotchbond Universal 3M Oral Care/Solventum 2-/1-/2-step 10-MDP, polyalkenoic acid polymer

Scotchbond Universal Plus 3M Oral Care/Solventum 2-/1-/2-step 10-MDP, polyalkenoic acid polymer

Tokuyama Universal Bond II Tokuyama 2-/1-/2-step HEMA-P, 10-MDP

Zipbond SDI (Bayswater, Australia) 2-/1-/2-step 10-MDP

Abbreviation in alphabetical order: 4-AETA: 4-acryloyloxethyltrimellitic anhydride; 4-META/4-MET: 4-methacryloxyethyl trimellitic anhydride/4-methacryloxyethyl trimellitic acid; 6-MHP: 6-methac-
ryloyloxyhexyl dihydrogen phosphate; BPDM: biphenyl-dimethacrylate; GPDM: glycerol-phosphate dimethacrylate; HEMA-P: 2-hydroxyethyl methacrylates phosphate; HPMA: 2-hydroxypropyl 
Methacrylate; MAC-10: 11-methacryloyloxy-1,10-undecanedicarboxylic acid; MDTP: 10-methacryloyloxydecyl dihydrogen thiophosphate; MDP/10-MDP: 10-methacryloyloxydecyl dihydrogen phos-
phate; MDPB: methacryloyloxydodecylpyridinium bromide; MMEP: mono-2-methacryloyloxyethyl phthalate; PEM-F: pentamethacryloyloxyethylcyclohexaphosphazene monofluoride; PENTA: 
dipentaerythritol penta-acrylate phosphate; Phenyl-P: 2-methacryloyloxyethyl phenyl phosphoric acid; Pyro-EMA: tetramethacryloyloxyethyl pyrophosphate.
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Ivoclar (Schaan, Liechtenstein), Kerr (Orange, CA, USA), Kuraray 
Noritake (Tokyo, Japan), Shofu (Kyoto, Japan), SDI (Bayswater, 
Victoria, Australia), Tokuyama (Tokyo, Japan), and Voco (Cux-
haven, Germany).

Chemical Parameters
The software ChemBioDraw Ultra 19.1 for Mac (Perkin-Elmer, 
Waltham, MA, USA) was used to determine the chemical fea-
tures of the functional monomers identified earlier. This soft-
ware enables users to draw the chemical structure of each 
monomer and to estimate the following parameters: molecu-
lar weight (g/mol), partition coefficient (LogP), and aqueous 
solubility (LogS; mol/L). The molecular weight impacts mono-
mer reactivity, polymerization kinetics/shrinkage,79 and adhe-
sion diffusion capability.85 The partition coefficient is relevant 
for indicating hydrophobicity/hydrophilicity, which signifi-
cantly affects phase separation, diffusion within tooth sub-
strates, and adhesion stability under moisture challenge.80 
Furthermore, the software provides an estimation of aqueous 
solubility, a parameter relevant for predicting the potential of 
monomers to dissolve or leach into aqueous environments, a 
phenomenon that could impact material stability and indi-
rectly influence biological interactions.25

Qualitative Synthesis

Comparison of adhesives

Table 1 presents adhesive materials containing functional 
monomers, based on technical information provided by man-
ufacturers. Of the 71 adhesives identified, 11 did not disclose 
at least one functional monomer, citing it as a trade secret. 
Among the adhesives analyzed, 10-MDP was the most fre-

quently reported functional monomer, found in ~44% (31 out 
of 71) of the adhesives identified in the literature.

Chemical properties of existing functional adhesive 

monomers

A comparison between the chemical properties and structure 
of the most relevant functional monomers identified in the 
commercial adhesives present in Table 1, are given in Table 2 
and Figure 3, respectively.

The molecular weight of modern functional monomers 
ranges from 228 g/mol (2-hydroxyethyl methacrylate phos-
phate, HEMA-P) to 788 g/mol (pentamethacryloyloxyethylcy-
clohexaphosphazene monofluoride, PEM-F). The most hydro-
philic monomer identified was mono-2-methacryloyloxyethyl 
phthalate (MMEP), followed by phenyl-P, whereas the most 
hydrophobic monomer was 10-methacryloyloxydecyl dihy-
drogen thiophosphate (10-MDTP), followed by 10-MDP. In 
terms of water solubility, PEM-F was the least soluble mono-
mer, while HEMA-P exhibited the highest solubility.

Adhesive performance, hydrolytic stability, and longevity

Functional monomers were initially developed and included in 
adhesives to improve their bonding mechanisms, by means of 
chemical adhesion, to enamel and dentin. Irrespective of the 
bonding mode employed, these functional monomers work 
following an SE strategy. Their quality, purity, and chemical na-
ture will largely contribute to the bonding performance of the 
adhesive. In Figure 1, monomers are shown with their acidic 
functional groups, able to ionically interact with HAp. Com-
monly used monomers such as 10-MDP, GPDM, and phenyl-P 
possess a phosphate group as a chemically active functional 
group (Fig 4), while 4-MET (4-META) presents with two carbox-

Table 2 Functional monomers and their respective chemical properties in terms of molecular weight (g/mol), partition coefficient (Log P), and 
aqueous solubility coefficient (Log S; mol/L)

Category Functional monomer
Molecular weight 

(g/mol) Log P1
Log S 

 (mol/l)

Carboxylic acid 
monomers

phthalic acid monomethacrylate (MMEP) 277.3 0.47 –2.26

4-acryloyloxethyltrimellitic anhydride (4-AETA) 290.2 1.65 –2.90

4-methacryloxyethyl trimellitic acid (4-MET)2 322.3 1.71 –2.74

4-methacryloxyethyl trimellitic anhydride (4-META) 304.2 2.00 –3.04

Phosphate/
phosphonic acid 
monomers

2-hydroxyethyl methacrylate phosphate (HEMA-P) 228.1 1.21 0.08

10-methacryloyloxydecyl dihydrogen thiophosphate (10-MDTP) 338.4 4.82 –3.84

pentamethacryloyloxyethylcyclohexaphosphazene 
monofluoride (PEM-F)

787.6 – –4.86

tetramethacryloyloxyethyl pyrophosphate (Pyro-EMA) 539.3 – –4.68

6-methacryloyloxyhexyl phosphonoacetate (6-MHP) 308.1 1.33 –1.49

dipentaerythritol penta-acrylate phosphate (PENTA) 604.5 2.60 –2.63

10-methacryloyloxydecyl dihydrogen phosphate (10-MDP) 322.3 4.09 –2.65

2-methacryloyloxyethyl phenyl phosphoric acid (Phenyl-P) 286.2 0.57 –2.20

glycerol-phosphate dimethacrylate (GPDM) 294.2 2.26 –0.79

1 LogP is unitless, 2 4-MET forms upon reaction of 4-META in aqueous solutions.
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ylic acid groups. Activation of these acidic groups through ion-
ization is required; thus, the presence of water in adhesive for-
mulations is crucial for such acidic monomers to ionize and 
exert their function.44

The type of chemical moiety, its location in the molecule 
and subsequent steric hindrance, the size of the spacer chain, 
and the hydrophobicity/hydrophilicity balance have been 
proven to greatly influence the chemical bond obtained to 
dental substrates and its stability.15, 30, 56, 76

Even though Kuraray Noritake first started to use the term 
“acidic adhesive monomer” with phenyl-P in 197653, the func-
tional monomer GPDM must have been one of the first func-
tional monomers described in literature (Fig 4). In the mid-
1950s, Buonocore et al (1956) reported on the bonding ability 
of GPDM, as contained in a pioneering sealing agent.9 Phenyl-P 
was later replaced by 10-MDP in adhesive formulations, as re-
searchers found that the phosphate group at one molecular 
end, separated by a hydrophobic 10-CH2 carbon-spacer chain 
from the polymerizing methacrylate group at the other mol-
ecule end, facilitated and promoted long-lasting interactions 
with HAp (Fig 4). Phenyl-P was concurrently proven to have a 
lower chemical bonding efficacy compared to 4-META and 10-
MDP. Furthermore, the aqueous solubility of the phenyl-P_Ca 
salt was found to be high and much more soluble than that of 
4-META and in particular 10-MDP.112 Hence, phenyl-P lost its 
initial popularity and was no longer contained in newer adhe-
sives. Monomers, such as GPDM, possess a substantially 
shorter spacer chain, bringing the phosphate and meth-
acrylate active ends closer to each other, are smaller in size, 
and intrinsically more hydrophilic (Fig 4). Thanks to its small 
size (low molecular weight) and relatively high hydrophilicity, 
GPDM is an efficient functional monomer for an E&R bonding 
mode (Fig 4). GPDM was attributed lower bonding efficacy and 
a tendency to etch (demineralize) rather than adhere to miner-
alized substrates.108 Later, the nature of the resulting chemical 
bond was proven to determine its stability over time.117, 125, 132 

Recent meta-analytical data of studies grouping 64 different 
dental adhesives has shown that 10-MDP has superior bonding 
performance when compared to 4-META, 4-MET, 6-MHP, pen-
ta-acrylate (PENTA), and pyro-EMA (P <0.01), while showing 
similar performance to PEM-F, 4-AET and MAC-10 or other 
acrylamide, polyacrylic or phosphonic acid derivatives, al-
though it is important to mention that there is still insufficient 
data available, regarding these monomers, to actually prove 
similarities to 10-MDP in adhesive performance, long-term and 
clinically.29

In fact, it is today known that the typical long-chain mono-
mer 10-MDP enables different 1.9-nm-sized 10-MDP molecules 
to self-align parallel to each other, hereby self-assembling in 
3D in so-termed nano-layers (Figs 2, 4, and 5). Each nano-layer 
has a width of about 4 nm and consists of two rows of oppo-
sitely directed 10-MDP molecules with their polymerizing 
methacrylate group directed toward the middle of a na-
no-layer and their phosphate group to the nano-layer outside. 
One nano-layer is linked with an adjacent nano-layer through 
Ca, bridging two adjacent phosphate groups of two 10-MDP 
molecules belonging to two neighboring nano-layers. Self-evi-
dently, nano-layers are strong and stable structures that add 
strength to the adhesive interface, as proven by atomic-force 
microscopy.123 In this way, nano-layering can contribute to the 
durability of the bond generated by 10-MDP-based SE adhe-
sives to dentin.1, 65, 123 Alternatively, nano-layers formed within 
the adhesive resin adjacent to the hybrid layer could also be 
regarded as self-developed filler, a process triggered by Ca re-
leased from dentin through 10-MDP’s (self-)etching capacity.

Regarding hydrolytic stability, 10-MDP has also been docu-
mented to outperform its competitors, namely 4-META, GPDM, 
and phenyl-P. This has been proven in studies that tested im-
mediate bonding of the monomers to HAp, rinsing, and ultra-
sonic cleaning,118 but also in studies featuring commercial ad-
hesives containing these monomers, with micro-tensile bond 
strength tests conducted before/after significant thermocycling 

a bFig 3 Chemical structure of 
the various functional 
monomers included in 
contemporary dental 
adhesives that were identified 
in this review.
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aging (30 k, 50 k, and 100 k cycles).48 The chemical structure of 
the monomers is paramount in determining their functional 
ability. In this respect, the impact of the length of the spacer 
chain (number of carbons) on the formation of monomer-cal-
cium salts was investigated by Feitosa et al (2014), also in rela-
tion to the resulting hydrophilicity of the acidic monomers. 
Shorter spacer chains were associated with less hydrolytically 
stable and weaker monomer-calcium interactions. The pres-
ence of ester or ether groups in the monomers also affected 
hydrophilicity, which regulates bond longevity.30 Impurities in 
the monomer batch, or products of hydrolysis or time-depend-
ent degradation of acidic monomers, were found to affect the 
formation of monomer-calcium salts. Achieving high purities in 
the synthesis of functional monomers is thus required to attain 
bond longevity.124 In regard to MMP activity, recently 10-MDP 
has been shown to inhibit MMPs at the interface,91 specifically 
inhibiting MMP-9 activity, reducing hydroxyproline (HYP) re-
lease, and minimizing nano-leakage, hereby further contribut-
ing to improved dentin-bonding durability.50, 134 As found by Jin 
et al (2022), MMP-9 inhibition assays showed 10-MDP reduced 
enzyme activity by ~19%, while 10-MDP_Ca salt achieved ~49% 
inhibition. HYP release assays showed lower levels in both 10-
MDP and 10-MDP_Ca groups, indicating less collagen break-
down. 10-MDP_Ca was more effective than 10-MDP alone, giv-
ing evidence of a synergistic protective effect.50

Table 3 summarizes studies found in the literature that var-
ied the concentration of different functional monomers in ex-
perimental materials used to bond to different clinically rele-
vant substrates.

pKa

The application time of a self-etching primer containing a func-
tional monomer is relevant, as longer times are known to im-
prove etching efficacy and bond strength to dentin and even 

more to enamel. This is linked to the differences in (self-)etch-
ing efficacies found with different functional monomers.120 
The pKa of the functional monomers is then extremely relevant 
to review their (self-)etching efficacy. Table 4 shows the pKa of 
some of the tested functional monomers as compared with or-
thophosphoric acid according to data found in the literature.87

The pKa is considerably important for the mineral-dissolu-
tion ability of the acidic monomer, which will also dictate 
whether it can effectively remove surface smear. The degree of 
smear-layer preservation directly affects bond strength.42 
Other than lengthening the application time, bond strength is 
also highly dependent upon the concentration of the acidic 
monomer. This is usually technical information that is not re-
leased by the manufacturer. Increasing the content of acidic 
monomers in an adhesive formulation shows a positive corre-
lation with a decrease in pH.54 Lower pH, on the other hand, 
can harm the stability of the adhesive ingredients in the prod-
uct bottle, thereby decreasing the shelf life of the adhesive. 
Other clinical application modalities that are expected to im-
prove bonding performance are actively rubbing the surface to 
intensify the local contact of the functional monomers with 
the surface and repeated application of fresh primer solution 
to the surface.

The peculiar case of inferior chemical adhesion to enamel

The mechanism and outcome of chemical adhesion onto 
enamel are fundamentally different from those to dentin, 
which can be explained by the differences in the structure and 
deposition of the mineral content. Functional monomers show 
a lower chemical reactivity to enamel HAp for several reasons. 
In enamel, HAp crystals are larger, the degree of crystallinity is 
higher, and there is a parallel crystal organization (as opposed 
to a crisscross orientation in dentin), making calcium ions 
harder to reach. 65, 119 The observed variations also impact the 

Fig 4 Molecular 
structure and basic 
structural features of the 
functional monomers 
10-MDP and GPDM for 
self-etch (SE) and 
etch&rinse (E&R) 
bonding.
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deposition time of monomer-Ca salts.119 Nano-layering and/or 
stable Ca-salt formation of 10-MDP at the adhesive interface 
with enamel has been proven using X-ray diffraction (XRD) to 
be less intensive when compared to the interface formed at 
dentin.126

Interaction with hydroxyapatite (HAp)

As mentioned above, Yoshida et al (2001)117 introduced the ad-
hesion-decalcification (AD) concept to elucidate the molecular 
interactions of acidic functional monomers, particularly those 
containing carboxylic or phosphate groups, with all HAp-rich 
mineralized tissues, although the example focused on dental 
hard tissues (Fig 2). According to this model, when acidic mon-
omers contact HAp-rich substrates, their interaction occurs via 
a two-step mechanism. Initially, the acidic groups ionically 
bind to calcium ions at the HAp surface, concurrently removing 
phosphate (PO4

3-) and hydroxyl (OH-) ions from the mineral 
structure.89 Subsequently, the behavior of these bonded acids 
is governed by the solubility of their calcium salts: acids form-
ing salts with low solubility tend to remain bonded, thus mini-
mizing demineralization and following the adhesion route, 
while those forming highly soluble salts detach from the sur-
face, resulting in substantial decalcification and following the 
decalcification route.117, 132

The solubility of the formed calcium-monomer complexes 
is relevant for bond longevity.119 The low dissolution rate of 
these salts is a critical determinant of the durability of the 
chemical bond, as it allows the adhesive interface to persist 
even under hydrolytic and mechanical challenge.70 Among 
these, 10-MDP has extensively been studied and is recognized 
for forming a highly stable calcium salt (Fig 4)36, 108, 119. Mono-
mers such as GPDM, 4-MET, and PENTA follow the decalcifica-
tion route and are generally unable to form stable calcium 
salts, compared to 10-MDP, as was reported in several studies 
using nuclear magnetic resonance (NMR), XRD, and FTIR spec-
troscopy techniques.36, 118,122 Upon initial contact with HAp, 
10-MDP rapidly forms a stable and water-insoluble 10-MDP_Ca 
salt directly at the tooth surface, establishing a strong chem-
ical bond. If the interaction continues over time, still within the 
first 24 h, a secondary phase may occur in which dicalcium 
phosphate dihydrate (DCPD; CaHPO4·2H2O) precipitates on 
top of the existing 10-MDP_Ca phase.129 Although DCPD is 
more soluble in water than the 10-MDP_Ca complex, its forma-
tion in this context is not necessarily unfavorable. It may reflect 
a supersaturation environment and a continued chemical in-
teraction with calcium and phosphate ions, indicating active 
mineral dynamics at the interface. Importantly, the underlying 
10-MDP_Ca salt remains intact and anchored to HAp, preserv-
ing the stability and integrity of the adhesive interface.84, 129 
Thus, in contrast to interactions where DCPD is the primary 
product, such as in the case of GPDM at 24 h,122 its appearance 
here is secondary and does not compromise the durable bond-
ing characteristic of 10-MDP. Since the other monomers pro-
ducing unstable bonds follow the decalcification route, they 
have demonstrated higher etching ability, such as the 
GPDM-containing Optibond Universal (Kerr) was shown to be a 
strong etchant at enamel, extending deep within its subsur-
face.31

Interaction with dentinal collagen

For restorative polymeric networks to replace HAp in dentin, 
complete infiltration and thorough envelopment of the fully 
(E&R) or partially (SE) exposed collagen fibrils by resin are re-
quired. However, true enveloping, filling the nano-sized pores 
and tight junctions within the dentinal collagen network by 
mechanisms of penetration and adsorption, is extremely un-
likely due to the nature and chemistry of the substrate as well 
as the monomers themselves.6 In fact, the interactions of mon-
omers with the complex structure of collagen are difficult to 
study, and the behavior of monomers during the hybridization 
process in dentin remains largely unknown.107 Studies that 
employed techniques such as saturation transfer difference 
NMR have detected monomer-collagen interactions, such as 
10-MDP/collagen complexation.51 The authors of the latter 
study argue that the hydrophobic moieties of the monomer 
complex with the hydrophobic collagen surface. 10-MDP was 
described to stably interact with collagen, as opposed to 
4-META.45 Secondary chemical bonds, such as Van der Waals 
or hydrogen binding, and primary ionic bonds may play a role 
in monomer-collagen interactions, as pointed out by Vaidyana-
than et al (2009) through the use of simulation models.107 FTIR 
analyses revealed new peaks corresponding to phosphate-re-
lated bonds (P=O, P–O–C), indicating formation of colla-
gen-phosphate complexes for 10-MDP. Ultraviolet-Visible spec-
troscopy and docking studies showed that this interaction 
does not damage the triple-helix structure of collagen, show-
ing that 10-MDP forms multiple hydrogen bonds with specific 
amino acids in collagen (eg, Hyp44, Gly16, Glu13).50

There are different factors that may make interactions with 
collagen either possible or difficult. For one, the steric hin-
drance of monomers in adhesive formulations directly affects 
their capacity to conform and attach to a binding site. Due to 
specific chemical structures, functional monomers experience 
different degrees of steric hindrance. Accordingly, Nurrohman 
et al (2015) reported lower steric hindrance for 10-MDP in com-
parison to GPDM or phenyl-P. This in turn favors adsorption of 
monomers onto collagen and subsequent phosphorylation, 
leading to guided biomineralization of collagen fibrils, an ef-
fect that depends upon the functional monomer used. Again, 
10-MDP demonstrated denser extrafibrillar and intrafibrillar 
mineralization than other functional monomers.76 Moreover, 
previous computational studies also revealed that the spacer 
group plays a decisive role in interaction with collagen. Mono-
mers with five or more spacer units increased their chances of 
conforming and binding to sites in dentinal collagen.106 It has 
been argued that polymerized resin could be bonded to colla-
gen via -CONH bonds.133

Regarding bond longevity, stable calcium salts should be 
formed by functional monomers following the adhesion route 
in the AD model that describes the chemical interaction of 
acidic molecules with mineralized tissues.132 In particular, 10-
MDP has been proven to contribute to collagen stability.12 In 
adhesive formulations containing HEMA, acidic monomers 
such as 4-META or 10-MDP can aggregate with HEMA, prevent-
ing them from being available to bond to HAp or collagen.

Specifically, with 10-MDP, it has been suggested that aggre-
gates form with hydrophobic domains of 10-MDP oriented to-
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Table 3 Summary of studies found in the literature that varied the concentration of different functional monomers in experimental primers/adhesives/
cements/sealants/self-adhesive composites and tested adhesion, in different set-ups, to different substrates (enamel, dentin, zirconia, composite)

Study Purpose Experimental groups Result summary Conclusion

E
n

a
m

e
l

Wang et al 
(2013)110

To investigate the effect of priming 
time and 10-MDP concentration on 
micro-tensile bond strength to bovine 
enamel using a novel prime-and-rinse 
approach.

Experimental primers were formulated 
containing 10-MDP at 0.5, 1, 5, 10 and 
20 wt%, and two neutral primers 
containing 5 wt% 10-MDP_Na or 
EDTA_2Na. Different priming times (5, 
30, or 60 s) were also tested.

There was a significant influence of 
primer concentration and priming 
time when 10-MDP-containing primers 
were used, revealing an optimal 
priming time of 30 s and the best 
primer containing 20% 10-MDP.

The neutral primer (5% 10-MDP_Na) 
produced moderate bond strength, 
while 5% EDTA_2Na failed, suggesting 
that chemical bonding of 10-MDP to 
enamel hydroxyapatite crystallites 
could improve bond strength onto 
smooth enamel surfaces.

Hiraba et al 
(2023)43

To evaluate the effect of 10-MDP in 
MMA monomers on the bonding 
performance of TBB-initiated adhesive 
resins to human enamel for fixed 
prosthodontic applications.

Three experimental TBB-initiated 
self-polymerizing resins containing 
10-MDP in different concentrations 
(i.e., 10-MDP/MMA-TBB resins) were 
used as luting agents (1.0, 1.7 and 2.0 
mol% 10-MDP).

10-MDP/MMA-TBB resins demonstrated 
significantly greater bond durability to 
enamel compared to other resins, with 
or without etching. Thermocycling 
results indicated that 1.7 and 2.0 mol% 
10-MDP concentrations were optimal 
for non-etched specimens, both before 
and after aging.

The optimal 10-MDP concentrations in 
the 10-MDP/MMA solution were 
suggested to be 1.7 and 2.0 mol% for 
adhesion of TBB polymerization-
initiated resin to human enamel.

Yun et al 
(2025)135

To produce sealants containing 
mesoporous bioactive glass (MBG) and 
10-MDP, and compare them on enamel 
remineralization and adhesion.

A solution containing either 5 wt% 
MBG, 5 wt% 10-MDP, or both, was 
incorporated into experimental 
resin-based sealants. Adhesive 
properties (shear bond strength: SBS) 
and remineralization potential 
(microhardness, XRD, FE-SEM) were 
evaluated.

10-MDP significantly improved SBS, 
while MBG promoted enamel 
remineralization. The combined 
MBG/10-MDP group showed 
synergistic effects: improved 
microhardness, crystal deposition, and 
better adhesion. However, 10-MDP 
alone reduced flexural strength.

Although 10-MDP improves SBS, it may 
compromise flexural strength. An 
optimal balance of MBG and 10-MDP is 
crucial for achieving enhanced 
remineralization and adhesion.

D
e

n
ti

n

Hasegawa et 
al (1989)40

To investigate the contraction gap in 
dentin by treating it with different 
concentrations of functional 
monomers in experimental primers.

A solution containing either one of four 
acidic monomers, mono- 
methacryloxyethyl succinate (MES), 
dimethacryloxyethyl phosphate 
(DMEP), tertiary butylacrylamide 
sulfonic acid (‘rBAS), and 4-META, at 
concentrations of 0.1, 0.2 or 0.3M 
diluted in 35% HEMA was prepared.

More than half of the specimens 
pre-treated with the experimental 
primers showed continuous marginal 
adaptation, comparable to the control.

These four monomers showed 
comparable results, being effective as 
self-etching primers.

Watanabe et 
al (1994)111

To demonstrate, by testing tensile 
bond strength and TEM, the 
penetration of an experimental resin 
system through the smear layer into 
the underlying dentin to form a hybrid 
layer that included both smear layer 
and underlying dentin matrix.

Increasingly higher concentrations of 
phenyl-P in 30% HEMA were used as 
dentin primers to improve the bonding 
of adhesive resins to smear-covered 
dentin.

The highest bond strength was 
registered using a concentration of 
20% phenyl-P. For this formulation, 
TEM confirmed that dentin was 
demineralized through partial 
dissolution of crystals surrounding 
collagen.

A single-step primer containing 
phenyl-P at an optimal concentration 
is effective for self-etching and 
bonding.

Miyasaka & 
Nakabayashi 
(2001)67

To examine the effect of a phenyl-P/
HEMA acetone-based primer on the 
tensile bond strength to moist dentin 
surfaces that were preconditioned 
with ethylenediaminetetraacetate 
(EDTA) to remove the smear layer.

Each dentin surface was primed with 
phenyl-P/30 wt% HEMA in acetone, 
with experimental primers being 
formulated at phenyl-P concentrations 
that ranged from 1 to 20 wt%.

Phenyl-P at 12 wt% achieved the 
highest tensile bond strength, 
significantly higher than 3, 5, 15, or 20 
wt% phenyl-P concentrations.

The experimental phenyl-P/HEMA 
acetone primer is effective for bonding 
to EDTA-conditioned dentin.

Leal et al 
(2011)57

To evaluate the effect of the 
concentration of the acidic functional 
monomer on dentin bond strength 
and stability of a model two-step, 
self-etch adhesive.

Six self-etch primers were formulated 
using HEMA, GPDM, ethanol and water. 
Mass concentrations of GPDM were 0, 
15, 30, 50, 70 or 100 wt%. Specimens 
were aged in distilled water (24 h, 6 
mo, 1 y).

The bond strength after 6 months was 
similar to that at 24 h for 15 and 50 
wt%, but significantly lower after 1 
year. The 30 wt% concentration 
showed no difference in bond strength 
over the 1-year storage period.

A concentration of 50 wt% phosphate 
monomer seems to be a maximum for 
self-etch primers. A moderate 
concentration of 30 wt% showed a 
good balance between bond strength 
and stability.

Yazdi et al 
(2015)113

To investigate the effect of different 
concentrations of 10-MDP in one-step 
self-etch experimental adhesives on 
the micro-shear bond strength and 
degree of conversion.

Five experimental one-step self-
etching adhesives containing 0, 5, 10, 
15, and 20 wt% 10-MDP were used, 
with Clearfil S3 Bond (Kuraray 
Noritake) serving as control.

Higher bond strength was recorded for 
10 and 15 wt% 10-MDP formulations in 
comparison to the other formulations, 
while the control adhesive and 10 wt% 
10-MDP resulted in a significantly 
greater degree of conversion than that 
of the alternatives.

The amount of functional monomer in 
such adhesives influenced both the 
bonding performance and degree of 
conversion. 10 wt% 10-MDP appeared 
the most optimum concentration.

Amaral et al 
(2016)3

To investigate the influence of 4-META 
concentration and type of solvent on 
the degree of conversion (DC) and 
adhesive-dentin bond stability of 
experimental etch-and-rinse 
adhesives.

Experimental adhesives formulated 
with four different concentrations of 
4-META (12, 20, 30, and 40 wt%) were 
tested.

The formulation containing 12 wt% 
4-META presented with the lowest DC, 
while all other formulations showed 
statistically similar DC. All adhesives 
maintained the adhesive-dentin bond 
stability upon 6-month water storage, 
while only the adhesives containing 40 
wt% 4-META maintained their bonding 
performance after 1 y.

Incorporation of high concentrations 
of 4-META improved the adhesive-
dentin bond stability (1 y) of the 
experimental etch-and-rinse 
adhesives.

Kintopp et al 
(2020)52

To evaluate the influence of 10-MDP 
concentration and application mode of 
experimental adhesives on the 
micro-shear bond strength to dentin 
after storage in distilled water (24 h, 6 
mo).

Five experimental adhesives were 
prepared with concentrations of 0, 3, 9, 
12, and 15 wt% 10-MDP, which were 
applied to flat dentin surfaces in 
etch-and-rinse or self-etch bonding 
modes.

The 9 wt% adhesive formulation 
showed the highest bond strength 
values, while the 3 wt% adhesive 
formulation was most stable after 
storage. A strong negative correlation 
between 10-MDP concentration and 
pH was observed.

Formulations containing low 
concentrations of 10-MDP (up to 9 
wt%) showed better results in terms of 
bond strength and bond stability over 
time.

Z
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Suh et al 
(2023)100

To investigate the shear bond strength 
and pH of a universal adhesive varying 
the concentration of 10-MDP.

Five experimental adhesives were 
prepared with 10-MDP ranging from 9 
g to 12 g, which resulted in final 
compositions with 10-MDP ranging 
from 8.9 wt% to 10.5 wt% maximum.

There was a significant difference 
between all groups except between 
the two groups containing the highest 
concentration of 10-MDP (P>0.05). As 
the amount of 10-MDP increased, the 
shear bond strength initially increased 
and then decreased with the highest 
bond strength recorded for 9.7 wt%, 
whereas the pH decreased with 
increasing 10-MDP concentration.

This study found that increasing 
10-MDP in the experimental adhesive 
lowered the pH and gradually 
improved shear bond strength, though 
bond strength declined once a 
concentration of 9.7 wt% was 
exceeded.

Yoshida et 
al (2006)115

To evaluate the shear bond strength of 
dual-cured resin luting cement to pure 
zirconium (99.9%) and industrially 
manufactured yttrium-oxide partially 
stabilized zirconia ceramic, and the 
effect of the 10-MDP primer and 
zirconate coupler (ZC) on bond 
strength.

Pure zirconium and zirconia ceramic 
specimens were left untreated or 
treated with experimental primers 
containing different concentrations of 
10-MDP and ZC or a mixture of 10-MDP 
and ZC. 10-MDP was tested at 
concentrations of 0.1, 0.2, 0.5, 1.0, or 
5.0 wt%.

The use of 10-MDP greatly increased 
bond strength to both substrates, with 
the results depending upon the 
concentration added, especially for 
bonding to pure zirconium.

The application of the mixture of 2 
wt% 10-MDP primer and 1 wt% ZC was 
effective for bonding of dual-cured 
resin luting cement to zirconia 
ceramic.
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Study Purpose Experimental groups Result summary Conclusion
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Moraes et al 
(2012)69

To evaluate the influence of the acidic 
monomer type (phosphate acrylic 
monomer – PAM, or carboxylic acrylic 
monomer – CAM) and its concentration 
on the bonding performance and 
degree of conversion (DC) of single-
solution model dental zirconia primers 
to yttria-stabilized polycrystalline 
dental zirconia ceramic.

The acidic monomers GPDM or 
mono-2-(methacryloyloxy) ethyl 
maleate (CAM) were added to a 
photocurable dimethacrylate at 10, 20, 
40, or 60 wt%, containing 40 wt% 
ethanol.

Lower DC was observed for increased 
acidic monomer concentrations. The 
bond strengths of GPDM-based 
primers were generally higher than 
those of the CAM-based materials, 
irrespective of acidic monomer 
concentration or aging condition. After 
thermocycling, the bond strengths for 
PAM-based primers were still higher 
compared with those recorded for 
CAM-based primers.

Both the acidic monomer type and 
concentration had a significant impact 
on the adhesive performance of the 
primers. The primer containing 40 wt% 
GPDM showed the best overall 
bonding performance to dental 
zirconia.

Chen et al 
(2016)17

To examine the effects of PENTA as an 
alternative phosphate ester monomer 
for bonding of methacrylate-based 
resins to yttria-stabilized tetragonal 
zirconia polycrystals (Y-TZP) using a 
shear bond-strength method.

Experimental PENTA-containing 
primers (5, 10, 15, 20 or 30 wt% PENTA 
in acetone) were tested for their bond 
strength to Y-TZP. Bonding without the 
use of a PENTA-containing primer 
served as negative control, and a 
10-MDP-containing primer was used as 
positive control.

Shear bond strengths were 
significantly higher for the 15 and 20 
wt% PENTA formulations. ICP-MS, XPS 
and FTIR data showed that the 
phosphate content on the Y-TZP was 
concentration-dependent.

PENTA improves bonding to Y-TZP 
through chemical reaction with Y-TZP. 
Increasing the concentration of PENTA 
augments its binding affinity but not 
its bonding efficacy with zirconia.

Llerena-
Icochea et 
al (2017)60

To evaluate the influence of adhesives 
with different 10-MDP concentrations 
on the shear bond strength of a resin 
cement to zirconia.

Six experimental adhesives were 
prepared with varying concentrations 
of 10-MDP (0, 3, 6, 9, 12, or 15 wt%). 
Three commercially available 
adhesives were evaluated: Single Bond 
Universal (3M Oral Care/Solventum), 
Adper Single Bond 2 (3M/Solventum), 
and Signum Zirconia Bond (Kulzer).

Significant differences were found 
between the commercial adhesives, 
while no differences were found 
between the experimental adhesives. 
A non-linear correlation was found 
between bond strength and 10-MDP 
percentage within the experimental 
adhesives.

The commercially available adhesives 
indicated for bonding to zirconia 
showed the highest bond strength.

Nagaoka et 
al (2017)73

To assess the chemical interaction and 
shear bond strength (SBS) between 
10-MDP and zirconium oxide using 
magic angle spinning (MAS) nuclear 
magnetic resonance (NMR) and 
two-dimensional (heteronuclear 
correlation (HETCOR) NMR.

SBS tests were conducted to 
determine the effect of 10-MDP 
concentration on the bonding 
effectiveness to zirconia.

SBS tests revealed a 10-MDP 
concentration-dependent SBS with a 
minimum of 1 ppb 10-MDP needed.

Bond strength was found to be 
concentration dependent. The 
combination of both NMR techniques 
revealed not only ionic but also 
hydrogen bonding of 10-MDP to 
zirconia.

Chen et al 
(2017)16

To test the hypothesis that the 
concentration of 10-MDP in zirconia 
primers has no effect on the bonding 
efficacy through shear bond-strength 
testing of methacrylate resins to 
yttria-stabilized tetragonal zirconia 
(Y-TZP).

Five experimental primers containing 5 
(5M), 10 (10M), 15 (15M), 20 (20M) or 30 
(30M) wt% 10-MDP were tested to 
improve the composite-zirconia bond 
strength.

Shear bond strengths were 
significantly lower for group 5M when 
compared to groups 10M to 30M, 
which were not significantly different 
from one another.

10 wt% MDP appears to be the most 
optimal concentration for synthesizing 
zirconia primers for resin bonding.

Yoshida 
(2021)114

To investigate the effect of 10-MDP 
concentration in primers on the tensile 
bond strength, before and after 
artificial aging, of resin cements to 
zirconia.

Zirconia plates were bonded to 
stainless steel rods using commercial 
resin cements without functional 
monomers and were pretreated with 
one of the primers containing 0.5, 1.0, 
2.0, 3.0, 4.0, or 5.0 wt% 10-MDP 
dissolved in ethanol, or one of 3 
commercial ceramic primers 
containing 10-MDP and silane coupling 
agents. Untreated specimens were 
used as controls.

Bond strength in the non-pretreated 
group was significantly lower 
compared to that in the pretreated 
groups with 10-MDP-containing 
primers. Bond strength was 
concentration dependent, rising from 
0.5 to 3.0 or 4.0 wt%. Pre-treated 
groups with the 4.0-wt% 10-MDP-
containing primer performed better 
than the commercial ceramic primers.

Bond strength was dependent upon 
10-MDP concentration. 10-MDP at 4.0 
wt% seemed to outperform the 
commercial ceramic primers 
containing 10-MDP and silane.

De Paula et 
al (2021)83

To assess the effect of different 
concentrations of 10-MDP included in 
experimental ceramic primers on the 
degree of conversion (DC) and micro-
shear bond strength (µSBS) of a 
dual-cure composite cement, and on 
the acidity neutralization potential of 
zirconia in comparison to HAp.

Experimental ceramic primers were 
formulated using 5, 10, 20, or 40 wt% 
10-MDP as an acidic functional 
monomer and camphorquinone (CQ)/
amine or 1-phenyl-1,2- propanedione 
(PPD) as photo-initiator system. 
Clearfil Ceramic Primer (Kuraray 
Noritake) was used as commercial 
control.

DC was not affected except when the 
concentration of 10 wt% 10-MDP in CQ 
primer and 5 wt% 10-MDP in PPD 
primer was reached, this compared to 
the control. The 5 wt% 10-MDP in CQ 
and PPD primers showed the highest 
µSBS compared with the positive 
control. Higher concentrations of 
10-MDP induced significant DC and 
µSBS reduction.

The 10-MDP monomer ought to be 
kept at low concentrations in zirconia 
primers to avoid reduction of 
polymerization and bond strength of 
the composite cement.

Calamita et 
al (2023)10

To test the effect of different 
concentrations of 10-MDP and GPDM, 
separately or combined, on the 
micro-tensile bond strength to 
zirconia.

Experimental primers were made with 
3, 5, or 8 wt% of GPDM or 10-MDP in 
absolute ethanol. Composite resin 
sticks were bonded to zirconia using 
the primers.

All experimental groups revealed 
similar bond strength compared to 
that of the positive control (Monobond 
N, Ivoclar), except for the primer 
containing 8 wt% GPDM, which 
resulted in lower bond strength.

Individually, each monomer is able to 
promote chemical binding to zirconia, 
although their combination does not 
improve performance. The most 
effective concentrations were 3 wt% 
10-MDP and 5 wt% GPDM.
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et al 
(2006)105

To investigate the effect of a 4-MET- 
and 10-MDP-based primer on the 
tensile bond strength of two 
composite cements to titanium (Ti).

Ti plates were treated with six 
experimental primers consisting of, 
respectively, 10-MDP and 4-MET in 
concentrations of 0.1, 1, or 10 wt%, or 
were kept untreated (control).

The highest bond strength was 
registered in the 10 wt% 10-MDP 
group. Pre-treatment with each 
10-MDP-based primer resulted in a 
higher tensile bond strength as 
compared to any 4-MET pre-treatment.

The data obtained strongly suggest 
that 10-MDP is effective to improve the 
adhesive performance of resin to 
titanium, this also in comparison to 
4-META.
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Shibuya et 
al (2019)93

To evaluate the influence of varying 
concentrations of 10-MDP on the 
micro-tensile bond strength, flexural 
strength, water sorption and solubility 
of self-adhesive composite cements.

Experimental composite cements were 
used containing three different 
concentrations of 10-MDP: 3.3, 6.6, or 
9.9 wt%.

The bond strength of the 6.6 wt% 
10-MDP cement formulation was 
significantly higher than that of the 3.3 
wt%, while not for the 9.9 wt% 
formulation. Water sorption increased 
with 10-MDP concentration, while 
three-point bending and solubility 
showed no difference.

The authors suggest that 6.6 wt% 
10-MDP seems an optimum 
concentration regarding the properties 
that were tested in the study.

Delgado et 
al (2021)23

To assess the influence of 
systematically varying concentrations 
of 10-MDP in a self-adhesive 
remineralizing and antibacterial 
composite, in comparison to a control 
containing 3% 4-META, on the 
polymerization kinetics and shrinkage, 
biaxial flexural strength (BFS) and 
Young’s modulus. 

Self-adhesive composites were 
prepared using bulk, diluent 
monomers, 10-MDP (0, 5, 10, 15 and 20 
wt%) or 4-META (3%) and CQ.

Rates of polymerization and degree of 
conversion increased linearly from 
0-20 wt% 10-MDP, while shrinkage 
remained constant. Strength showed a 
peak at 5 wt% 10-MDP.

Peak strengths with 3 wt% 4-META or 5 
wt% 10-MDP are hypothesized to be 
due to chemical bonding of monomers 
to the calcium-phosphate particles 
added for remineralization. 
Polymerization kinetics increased 
linearly with the concentration of 
10-MDP that was added.
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ward the center, surrounded externally by HEMA molecules, 
consequently restricting 10-MDP from participating in essen-
tial collagen interactions46. 10-MDP has also been shown to 
modify the dentin surface, mimicking the attachment of phos-
phorylated non-collagenous proteins to collagen, leading to 
the formation of phosphorylated collagen, in other words, al-
lowing intrafibrillar mineralization of the collagen structure 
within hybrid layers.92

While water is essential for ionization of functional mono-
mers, residual water in dentin, particularly unbound (free) wa-
ter, is still a strong barrier to obtaining a durable adhesive-den-
tin bond. The amount of unbound water is greatly affected by 
the type/polarity of the contained water-miscible organic sol-
vent in the dental adhesive and the bonding mode em-
ployed.19, 63 A crucial factor in improving the interaction be-
tween functional monomers and dentinal collagen is 
controlling the environment in which this interaction takes 
place. One such method is the ethanol wet-bonding technique, 
which was introduced over 15 years ago to exchange interfa-
cial water for ethanol, in the hope of being a better medium to 
facilitate resin to infiltrate the wet collagen network.82 The 
technique improves monomer-collagen interaction by replac-
ing water with ethanol, thereby facilitating the infiltration of 
the adhesive into the collagen matrix. Ethanol plays a dual role 
here: it substitutes for unbound water within the collagen and 
helps eliminate water during air-drying phases, providing a 
suitable environment for ionization and chemical reaction 
with the dentinal mineral phase.49 Although ethanol wet-bond-
ing theoretically enhances resin-dentin interactions, its wide-
spread clinical application has been limited due to procedural 
complexity and inconsistency in results. Hence, this bonding 
protocol has not yet reached its hoped clinical acceptance 
since it only works for an E&R bonding mode, while adding an 
additional time-consuming step. Alternative solvents, such as 
isopropanol, as in Prime&Bond Active (Dentsply Sirona), have 
been explored to further refine this technique and improve its 
reliability. Others suggested a dimethyl sulfoxide (DMSO) 
pre-treatment strategy for durable bonding to dentin prior to 
the adhesive application.2, 98,99

Polymerization
Adding functional monomers to adhesives can affect poly-
merization efficiency, as has been addressed in some stud-

ies.37, 77 Acidic monomers have been found to contribute to 
amine co-initiator inactivation via an acid-base reaction.77 
This however depends on the type of photo-initiator and may 
involve complex molecular interactions. Hanabusa et al 
(2016) explored the functional monomers 4-META and 10-
MDP, concluding that both interfered with polymerization ini-
tiated by camphorquinone (CQ)/amine-based systems.37 In 
fact, CQ used with amine co-initiators, such as ethyl-4-(di-
methylamino)benzoate (EDMAB), resulted in lower polymeri-
zation-conversion degrees when compared to phosphine-ox-
ide initiators. Diphenyl (2,4,6-trimethylbenzoyl) phosphine 
oxide (TPO) and bisacylphosphine oxide (BAPO) appeared 
less sensitive to polymerization inhibition by acidic mono-
mers.68 Borate-based initiators and butanedione also ap-
peared more efficient in the presence of acidic monomers 
than traditional CQ/amine polymerization-initiation sys-
tems.4, 77 Some studies have also highlighted the use of acidic 
self-etch monomers to enhance dark-phase polymerization 
through amine-acid complexes, leveraging HAp-triggered 
self-cure mechanisms.59

Based on the chemical structure shown in Figure 3, most 
functional monomers are mono-methacrylates, possessing 
only one methacrylate group for co-polymerization, except for 
GPDM (2), Pyro-EMA (4), PENTA (5), and PEM-F (5). Mono-meth-
acrylates cannot crosslink monomers and thus form only lin-
ear polymers. Monomers with longer spacer chains, such as 
10-MDP, increase polymerization linearity even further.138 
Studies evaluating the impact of increasing concentration of 
functional monomers on the polymerization properties and 
kinetics are scarce. Thanks to its high reactivity and flexibility, 
a higher 10-MDP concentration was found to enhance the de-
gree of polymerization conversion.13, 23 Reactivity is closely 
linked to the formation of hydrogen bonds, which occur when 
interactions take place between acidic groups and ions or mol-
ecules.13 If the monomers have a low steric hindrance, this will 
facilitate monomer-monomer conversion reactions by increas-
ing the frequency of active site collisions. If 10-MDP is added to 
composite mixtures, it will rely on co-polymerization with di-
methacrylate monomers to induce crosslinking. Interestingly, 
the degree of crosslinking increases with higher concentra-
tions of 10-MDP.23 This effect is likely due to greater flexibility 
in the linear polymer chains, which results in shorter side 
chains compared to UDMA. This improved polymerization en-
hances both the strength of the cohesive bonding layer and 
the overall bond strength. Additionally, a higher degree of con-
version leads to increased durability and stability of the adhe-
sive interface.121

In other dental material formulations, such as ceramic 
primers and self-adhesive composites, functional monomers 
have been shown to influence polymerization. Studies demon-
strate that using CQ alone, even at high concentrations in 
10-MDP-based formulations, leads to an improved degree of 
conversion and crosslinking, validating this photo-initiator 
system as an effective stand-alone option for self-adhesive 
composite mixtures.23 In ceramic primers, the presence of 10-
MDP in concentrations up to 5 wt% has been demonstrated to 
be optimal in reducing inactivation of CQ-amine due to acidic 
conditions, while maintaining good bond strengths.83

Table 4 pKa of phosphoric acid and acidic monomers as found in the 
literature and calculated using ChemBio Draw Ultra (v.19.1)

Component pKa

Orthophosphoric acid 2.01

10-MDP 2.21

4-MET 2.91

MAC-10 4.72

MMEP 3.12

1 Taken from Salz et al (2005); 2 Calculated using ChemBio Draw Ultra (v.19.1) software.
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Mechanical Properties
The addition of adhesive functional monomers, such as 10-
MDP, has been reported to influence the mechanical proper-
ties of dental materials, though the available evidence remains 
limited. In self-adhesive cements, increasing the concentra-
tion of 10-MDP (from 3.3 to 6.6 and 9.9 wt%) enhanced bond 
strength but had no significant effect on three-point bending 
flexural strength.93 Zhou et al (2019) utilized micro-Raman 
spectroscopy and nano-indentation to investigate the na-
no-mechanical properties of adhesive interfaces containing 
10-MDP, compared to control samples without the monomer. 
However, the formation of 10-MDP nano-layers was hindered 
by linear polymerization and interference from HEMA, leading 
to a reduction in quasi-static and storage moduli, which can 
compromise the mechanical properties.138 In later studies, an 
observed decrease in storage modulus at the adhesive-dentin 
interface in the presence of HEMA also supported earlier hy-
potheses suggesting that the hydroxyl group of HEMA may in-
terfere with the nano-layering typically formed by 10-MDP.101 
Nano-layering has been identified as a contributing factor in 
enhancing the strength of the adhesive interface. Yoshihara et 
al (2020) reported a higher Derjaguin–Muller–Toporov (DMT) 
modulus in interfaces containing 10-MDP nano-layered struc-
tures, which contributed to improved cohesive properties of 
the adhesive-resin layer.123

Biocompatibility
Free monomers that can diffuse through dentin and eventually 
reach the pulp complex and its cell population pose a toxicity 
risk. Cytotoxicity studies that evaluated functional acidic mono-
mers are scarce in the literature.51 The lipophilicity and func-
tional groups of methacrylate monomers directly affect cell re-
sponse.27, 32, 131 Studies on the relationship between molecular 
structure and cytotoxicity have demonstrated that the addition 
of a hydroxyl group to a monomer can increase its cytotoxic po-
tential. Dipole moments, van der Waals volumes, topological 

distance between carbon and oxygen atoms in spacer chains, or 
the intrinsic states of atoms are chemical descriptors that play a 
role in cytotoxicity responses of dental monomers.35 Kurata et 
al (2011) argued that acryloyloxy-phosphoryl or acryloyloxy-car-
boxyl containing monomers were more cytotoxic compared to 
ether-carboxyl or amide-sulfo-containing monomers.54

Most studies have focused on evaluating the cytotoxicity 
and genotoxicity of dental adhesives containing different mon-
omer blends. The cytotoxicity of individual monomers, such as 
10-MDP and 4-META, has been tested in MTT assays.51 In fact, 
10-MDP has been shown to affect and suppress odontoblast 
differentiation, even in low toxic concentrations, thereby dis-
rupting mineralization. This impacts calcium interactions from 
odontoblast-like cells, potentially hindering mineralization 
and the formation of protective or reparative dentin. Kim et al 
(2015) identified the minimum toxic concentration of 10-MDP 
as 100 mM but found various inflammatory and cellular stress 
parameters altered even at lower concentrations. MTT assay 
revealed that 10-MDP affected cell proliferation in a concentra-
tion and time-dependent manner.51 10-MDP showed signifi-
cant toxicity to human dental pulp stem cells (hDPSCs) at 3 mM 
but had minimal effects on cytokine release. GPDM was less 
toxic, even at 4 mM, but increased Interleukin-1 beta (IL-1β) 
levels while reducing IL-6, IL-8, and IL-10. Despite signs of cyto-
toxicity, actual cell death for both monomers was reported to 
be minimal.14 Recent findings on the effects of 10-MDP_cal-
cium salts on osteoblasts and fibroblasts revealed no cytotox-
icity and no significant impact on apoptosis, mitochondrial 
membrane potential, or reactive oxygen species (ROS) lev-
els.139 However, these salts inhibited the secretion of MMP2 
and MMP9 in both cell types, which may be an interesting ave-
nue for parallel research. Likewise, the findings of Ma et al 
(2025),62 suggest that 10-MDP_Ca salts exert several beneficial 
biological effects on dental pulp stem cells (DPSCs). These cal-
cium salts promoted the migration and odontogenic differen-
tiation of DPSCs without inducing apoptosis; they contributed 

Fig 5 TEM photomicrographs showing the interfacial ultrastructure of a 10-MDP SE adhesive bonded to dentin, along with a schematic representa-
tion of the molecular structure of 10-MDP nano-layering.
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to maintaining the cellular redox balance by reducing intracel-
lular ROS and stabilizing the mitochondrial membrane poten-
tial. This was accompanied by the preservation of normal mi-
tochondrial morphology, suggesting a protective role in 
mitochondrial integrity. Additionally, 10-MDP_Ca salts were 
again found to suppress the expression of MMPs in DPSCs.

The functional monomer 4-META, when compared to mon-
omers such as HEMA, TEGDMA, and UDMA, has a 56-fold lower 
half-maximum inhibitory concentration (IC50) than UDMA, a 
170-fold lower IC50 than Bis-GMA (0.03 mmol/L), and approxi-
mately twice as high IC50 as HEMA. 4-META has been incorpo-
rated into the resin matrix of experimental pulp-capping agents, 
in conjunction with novel hydrophilic acrylamide monomers, 
and has enhanced cell viability compared to commercial alter-
natives, such as Theracal LC (Bisco, Schaumburg, IL, USA).130

A recent systematic review on the cytotoxicity of dental ad-
hesives, which belong to various adhesive strategies, does not 
mention the impact of the chemical composition of the mater-
ial.11 This shows that the cytotoxic impact of various mono-
mers used in commercial materials is still largely unknown and 
underexplored.

RESULTS

Do Formulations Containing Acidic Monomers Degrade 
Faster?
Degradation of monomers through hydrolysis is favored in 
acidic media. The acidic moieties in monomers and their char-
acteristics significantly influence the degradation potential 
and shelf-life of adhesive formulations.24 Self-adhesive mater-
ials with lower pH tend to exhibit reduced shelf-life stability, 
highlighting the critical importance of chemical composition 
in ensuring material stability.47, 87 Adhesive formulations with-
out HEMA, utilizing methacrylamides and phosphonic ac-
id-based monomers at higher pH levels, have shown enhanced 
stability over time.20 Monomers such as 4-META and 10-MDP 
have experimentally been verified to undergo ester cleavage, 
transforming into hydrolyzed by-products with little or no 
function,64, 75, 102 although it is important to mention that all 
resin monomers, whether acidic or not, are subject to esterase 
activity. In a laboratory study by Fujita et al (2011), it was found 
that unbound/unreacted 10-MDP did not necessarily impair 
long-term durability (tested after 20,000 thermocycles), as it 
did not decrease bond strength.33 In self-adhesive composites 
that were submitted to accelerated aging, the presence of 
acidic monomers did not seem to show a higher susceptibility 
toward degradation of the materials, long-term.90

Is the Application Time of Adhesive Materials 
Containing Functional Monomers Relevant?
Several laboratory studies have varied the dwell/rubbing time 
of adhesives containing functional monomers, specifically, 
10-MDP-containing adhesives, from a few seconds up to 2 min.8, 

 39, 86 The effect has been measured when bonding to enamel 
and dentin. In short, yes, the application time is relevant, as 
has also been pointed out in meta-analytical data concerning 
universal adhesives.38 The consensus is remarkably consist-

ent, with studies reporting that <10 s of active application re-
sults in inferior bond strength compared to longer application 
times.8, 86 About 15–20 s of active rubbing is considered suffi-
cient for the phosphate of 10-MDP to ion-exchange with HAp 
and build characteristic 10-MDP_Ca nano-layering; going 
longer rarely improves bond strength. Other studies evaluat-
ing monomers such as GPDM and 4-META, also found an appli-
cation time of 20 s to be most efficient.8, 18

10-MDP as the Most Reliable Acidic Functional 
Monomer
Since it was first introduced in the 1980s, 10-MDP has been ex-
tensively studied due to its superior bonding behavior and 
long-term performance compared to other functional mono-
mers, as mentioned earlier. What sets 10-MDP apart is the spe-
cific molecular architecture that optimally spaces the reactive 
chemical groups and controls their interaction with both or-
ganic and inorganic components of the tooth (Fig 4). The mo-
lecular structure of 10-MDP features a long, linear alkyl spacer, 
a decyl (10-carbon) chain, linking the phosphate group to the 
methacrylate moiety.129 This structure confers several critical 
advantages: (a) a hydrophobic tail for interface stability: after 
ionic bonding to HAp and stable calcium-salt formation, the 
hydrophobic tail orients away from the tooth surface, reducing 
water sorption phenomena and potential hydrolytic degrada-
tion; this is crucial for preserving the bond in the moist oral en-
vironment over time; (b) spatial separation for functional group 
independence: the decyl spacer chain provides optimal spatial 
separation between the reactive phosphate group and the po-
lymerizable methacrylate; this prevents steric hindrance, al-
lowing each end of the molecule to interact effectively with its 
respective substrate, being HAp and resin monomers, without 
mutual interference; (c) self-assembly of 10-MDP molecules 
into nano-layers or ordered arrays, with the hydrophilic phos-
phate groups anchoring adjacent nano-layers through calcium 
bridging and the hydrophobic tails aligning inside the na-
no-layers, a uniquely highly organized structure formed at the 
adhesive interface. In particular, this may happen in water-rich 
zones near tubule orifices where sufficient Ca was released 
from dentin by the etching capacity of 10-MDP. Studies using 
transmission electron microscopy (TEM) and X-ray diffraction 
(XRD) have demonstrated the presence of these nano-layers, 
believed to result from stable ionic interactions between 10-
MDP molecules and calcium ions (Fig 5).119, 125, 126 These layers 
have been proven to add strength to the adhesive interface, 
enhancing its mechanical properties and chemical stability.123

The amphiphilic characteristics of 10-MDP have been fur-
ther verified when 10-MDP-based cleaners and primers are 
used as surface-decontaminating agents.28, 104 When applied 
to dental surfaces contaminated by saliva, the hydrophobic 
segment of the 10-MDP molecule interacts selectively with or-
ganic saliva components, forming structured aggregates or 
micelle-like assemblies. These micelles encapsulate and iso-
late organic contaminants, significantly decreasing their affin-
ity and adhesion to tooth surfaces. Consequently, the contam-
inants are detached and no longer interfere with bonding. In 
the form of a primer that is rubbed on the surface, even with-
out rinsing it off, 10-MDP appeared very useful as a surface-de-
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contamination agent prior to bonding, able to achieve unal-
tered bond strength.28 Additional studies should investigate 
the decontamination and bond-preserving effect of 10-MDP on 
blood-contaminated surfaces.

When 10-MDP is applied to dentin or enamel, the acidic 
phosphate group begins to interact with the mineral phase, in-
itiating a mild demineralization process (Fig 2). This process 
removes some surface Ca2+, PO4

3–, and hydroxyl (OH฀) ions 
from the outermost HAp crystals in a selective etching process. 
Concurrently, the freed calcium ions (from the partial dissolu-
tion of HAp) interact with unreacted phosphate groups of 10-
MDP, forming 10-MDP_Ca salts. A high adsorption of 10-MDP 
onto HAp has been verified under several environmental condi-
tions.7 These salts have been found to be crystalline129 and low 
in solubility, allowing them to precipitate directly near the ad-
hesive interface, hereby anchoring the adhesive in a chemical 
bonding mechanism. This salt formation is localized, it occurs 
at the surface and helps terminate further etching by passivat-
ing the interaction zone. Thus, the formed 10-MDP_Ca com-
plexes stabilize the interface and limit continued demineraliza-
tion.119 The etching phase comes first, before enough salt has 
accumulated to inhibit it. The phosphate groups initially com-
pete with HAp for calcium; as they remove calcium from the 
mineral, they facilitate controlled dissolution. Only after a 
threshold concentration of calcium ions is reached, and the 
solubility limit of 10-MDP_Ca salt is exceeded, does precipita-
tion occur, essentially sealing the interaction and protecting 
the remaining structure. Studies using XRD and TEM have con-
firmed the formation of nano-layered 10-MDP_Ca structures on 
HAp surfaces,119 further supporting the concept that etching 
and bonding occur in a coordinated, self-regulating manner. 
10-MDP_Ca salt deposition had been hypothesized to co-occur 
with etching, a feature that is described to be distinctive for 10-
MDP compared to the other functional monomers.120 The ex-
tent of interaction between 10-MDP and HAp is pH-dependent, 
with optimal salt formation occurring at acidic pH, where phos-
phate groups are protonated but still reactive.129

Even compared to monomers that are highly hydrophilic 
and have multi-functional acrylate groups, such as PENTA, en-
abling efficient penetration into collagen-rich areas, the dura-
bility of the bond after aging is notably stronger in the case of 

10-MDP. Specifically, 10-MDP, especially in its low-soluble cal-
cium salt form, considerably decreases HYP release, indicating 
enhanced resistance to collagen degradation by MMPs, as 
stated earlier.36, 50 In composite resins containing calcium-
phosphate particles, 10-MDP has been added for functionali-
zation, impacting the mechanical properties and improving 
mechanical stability upon long-term water storage.27, 117

For the best outcome in calcium-salt formation, 10-MDP 
should be combined in an ethanol mixture, with an optimal pH 
range of 2–7.137 The presence of dimers in 10-MDP prepar-
ations affects dental adhesive performance.34, 124 Dimers pos-
sessing free phosphoric-acid groups can etch HAp surfaces but 
have limited polymerization potential due to steric hindrance, 
reducing bond strength. Certain dimers lack both etching and 
polymerization capability. Yoshihara et al (2015) demonstrated 
significant purity variations in commercial 10-MDP batches.124 
Specifically, using 31P NMR spectroscopy, impurities such as 
dimers were detected, correlating with reduced enamel-etch-
ing efficacy and accelerated adhesive degradation. Pure 10-
MDP maintained structural integrity and showed superior 
bonding durability over time. The dimers identified (through 
characteristic peaks in NMR spectra) differ significantly in sta-
bility and contribution to adhesive bonding compared to pure 
monomeric 10-MDP. Importantly, the formation of these di-
mers can negatively impact the bonding efficiency of the adhe-
sive due to the decreased chemical reactivity, as has also been 
seen before.125 Thus, monitoring and adjusting 10-MDP purity, 
accounting for dimer presence, is critical for optimizing adhe-
sive formulations, ensuring effective etching, and enhancing 
polymer quality. Further research is necessary to fully under-
stand how these dimers influence adhesion and adhesive sta-
bility. Impurities or incomplete synthesis products within low-
er-grade 10-MDP formulations hinder the consistency and 
completeness of 10-MDP_Ca salt formation, thus adversely af-
fecting adhesive longevity and enzyme-inhibition capabilities.

Recent research has explored alternatives to 10-MDP. Particu-
larly, novel fluoro-carbon functional monomers such as 6-meth-
acryloxy-2,2,3,3,4,4,5,5-octafluorohexyl dihydrogen phosphate 
(MF8P) (Fig 6). Techniques such as XRD and TEM have con-
firmed that MF8P readily interacts with Ca2+, forming stable 
MF8P_Ca salts. These salts also exhibit a pronounced ability to 

Fig 6 Molecular structure and size of the 10-MDP 
analogue functional monomer MF8P.
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form nano-layered structures at the adhesive-dentin interface, 
closely mirroring the behavior of 10-MDP. These alternative cal-
cium salts demonstrate the additional benefit of significantly 
higher bond strengths to dentin.127 This superior bonding ca-
pability is attributed to the robust chemical characteristics of 
fluorine-carbon bonds, known for their strong polarity and re-
sistance to hydrolytic degradation. Although MF8P has a 
shorter molecular length compared to 10-MDP, its hydrophobic 
properties and resultant bond integrity highlight it as a promis-
ing candidate. Despite these promising findings, there are 
currently no commercial dental adhesives containing MF8P. 
This absence is likely due to the relatively high synthesis costs 
associated with fluorocarbon chemistry, which ultimately im-
pact product pricing and industrial scaling feasibility.

CONCLUSION

This review consolidates more than 30 years of evidence on 
acidic functional monomers used in contemporary dental ad-
hesive technology. Three main insights emerge. First, 10-MDP 
remains the reference monomer for chemical bonding mech-
anisms, owing to its unmatched capacity to form hydrolytically 
stable Ca-salts, interact with dentinal collagen while self-as-
sembling into reinforcing nano-layers, and also contribute to 
MMP-activity inhibition. It was found to be present in most self-
etch/universal adhesives currently available in the market. Its 
effectiveness, however, depends on manufacturing purity; di-
mer or hydrolytic by-products undermine the etching efficacy 
and long-term stability, underscoring the need for rigorous 
quality control. Second, monomer architecture-spacer-chain 
length, hydrophobicity, and steric freedom governs the bal-
ance between etching aggressiveness, chemical bonding, 
polymerization kinetics, and consequently clinical longevity. 
This explains the inferior efficacy of shorter, more hydrophilic 
phosphate acrylates (e.g., GPDM) and carboxylates (eg, 4-MET), 
yet also rationalizes the superior performance of emerging 
fluorinated phosphates (MF8P, MF12P) that couple strong C-F 
bonds with effective Ca-bridging. Lastly, the bonding environ-
ment and formulation parameters (monomer concentration, 
solvent type, water content, initiator system, and co-mono-
mers) modulate monomer reactivity, like molecular design. 
Strategies that tailor and control these parameters determine 
bond strength and interface stability.

Collectively, these findings provide a set of guidelines for 
structuring and engineering the next generation of durable 
self-adhesive materials.

REFERENCES
1. Ahmed MH, Yoshihara K, Mercelis B, Van Landuyt K, Peumans M, Van Meerbeek 

B. Quick bonding using a universal adhesive. Clin Oral Investig 2020;24: 
2837–2851.

2. Al-Ani AASS, Stape THS, Mutluay M, Tjaderhane L, Tezvergil-Mutluay A. Incor-
poration of dimethyl sulfoxide to model adhesive resins with different hydro-
philicities: physico/mechanical properties. J Mech Behav Biomed Mater 
2019;93:143–150.

3. Amaral CM, Diniz AM, Arantes EBR, dos Santos GB, Noronha-Filho JD, da Silva 
EM. Resin-dentin bond stability of experimental 4-META-based etch-and-rinse 
adhesives solvated by ethanol or acetone. J Adhes Dent 2016;18:513–520.

4. Azad E, Atai M, Zandi M, Shokrollahi P, Solhi L. Structure–properties relation-
ships in dental adhesives: Effect of initiator, matrix monomer structure, and 
nano-filler incorporation. Dent Mater 2018;34:1263–1270.

5. Barszczewska-Rybarek IM. A guide through the dental dimethacrylate polymer 
network structural characterization and interpretation of physico-mechanical 
properties. Materials (Basel). 2019;12:4057.

6. Bertassoni LE, Orgel JPR, Antipova O, Swain MV. The dentin organic matrix – 
limitations of restorative dentistry hidden on the nanometer scale. Acta Bio-
mater 2012;8:2419–2433.

7. Bista B, Nakashima S, Nikaido T, Sadr A, Takagaki T, Romero MJRH, Sato T, Tag-
ami J. Adsorption behavior of methacryloyloxydecyl dihydrogen phosphate 
on an apatite surface at neutral pH. Eur J Oral Sci 2016;124:195–203.

8. Botelho MPJ, Isolan CP, Schwantz JK, Lopes MB, de Moraes RR. Rubbing time 
and bonding performance of one-step adhesives to primary enamel and den-
tin. J Appl Oral Sci 2017;25:523–53 .

9. Buonocore M, Wileman W, Brudevold F. A report on a resin composition capa-
ble of bonding to human dentin surfaces. J Dent Res 1956;35:846–8 10.

10. Calamita RS, Oliveira AAD, Pizzanelli GG, Salvador MVO, Mesquita AMM, Pec-
orari VGA, Lima AF. Interaction of different concentrations of 10-MDP and 
GPDM on the zirconia bonding. Dent Mater 2023;39:665–668.

11. Caldas IP, Alves GG, Barbosa IB, Scelza P, de Noronha F, Scelza MZ. In vitro cyto-
toxicity of dental adhesives: a systematic review. Dent Mater 2019;35:195–205.

12. Carrilho E, Cardoso M, Ferreira MM, Marto CM, Paula A, Coelho AS. 10-MDP 
based dental adhesives: adhesive interface characterization and adhesive sta-
bility – a systematic review. Materials (Basel) 2019;12.

13. Catel Y, Dellsperger C, Moszner N. Monomers for adhesive polymers, 18. Syn-
thesis, photopolymerization and adhesive properties of polymerizable 
α-phosphonooxy phosphonic acids. Des Monomers Polym 2017;20:106.

14. Cavallaro-Mota FD, Esposo GN, Kury M, Fronza BM, Saraceni CHC, Andia DC, 
Lima AF. Assessment of 10-MDP and GPDM monomers on viability and inflam-
matory response in human dental pulp stem cells. Dent Mater 2025;41:1–6.

15. Chen Y, Lu Z, Qian M, Zhang H, Chen C, Xie H, Tay FR. Chemical affinity of 
10-methacryloyloxydecyl dihydrogen phosphate to dental zirconia: effects of 
molecular structure and solvents. Dent Mater 2017;33:e415–e427.

16. Chen Y, Lu Z, Qian M, Zhang H, Xie H, Chen C. Effect of 10-methacryloxydecyl 
dihydrogen phosphate concentration on chemical coupling of methacrylate 
resin to yttria-stabilized zirconia. J Adhes Dent 2017;19:349–355.

17. Chen Y, Tay FR, Lu Z, Chen C, Qian M, Zhang H, Tian F, Xie H. Dipentaerythritol 
penta-acrylate phosphate – an alternative phosphate ester monomer for 
bonding of methacrylates to zirconia. Sci Rep 2016;6: 39542.

18. Cho Y-G, Lee Y-G, Kim J-U, Park B-C, Kim J-J, Choi H-Y, Jin C-H, Yoo S-H. Influ-
ence of application time of self-etching primers on dentinal microtensile bond 
strength. Restor Dent Endod 2004;29:430.

19. Coppel Y, Nasr K, Prigent Y, Grégoire G. Dentin interaction with universal adhe-
sive containing isopropanol solvent studied by solid-state NMR spectroscopy. 
Dent Mater 2022;38:7–18.

20. Cuevas-Suárez CE, Ramos TS, Rodrigues SB, Collares FM, Zanchi CH, Lund RG, 
da Silva AF, Piva E. Impact of shelf-life simulation on bonding performance of 
universal adhesive systems. Dent Mater 2019;35:e204–e219.

21. Decha N, Talungchit S, Iawsipo P, Pikulngam A, Saiprasert P, Tansakul C. Syn-
thesis and characterization of new hydrolytic-resistant dental resin adhesive 
monomer HMTAF. Des Monomers Polym 2019;22:106–113.

22. Delgado AHS, Jamal H, Young A, Ashley P. Scoping review of trials evaluating 
adhesive strategies in pediatric dentistry: where do simplified strategies lie? 
BMC Oral Health 2021;21:1–12.

23. Delgado AHS, Owji N, Ashley P, Young AM. Varying 10-methacryloyloxydecyl 
dihydrogen phosphate (10-MDP) level improves polymerisation kinetics and 
flexural strength in self-adhesive, remineralising composites. Dent Mater 
2021;37:1366–1376.

24. Derbanne MA, Besse V, Le Goff S, Sadoun M, Pham TN. Hydrolytically stable 
acidic monomers used in two steps self-etch adhesives. Polym Degrad Stab 
2013;98:1688–1698.

25. Dickens SH, Flaim GM, Floyd CJE. Effects of adhesive, base and diluent mono-
mers on water sorption and conversion of experimental resins. Dent Mater 
2010;26:675–681.

26. Dressano D, Salvador M V., Oliveira MT, Marchi GM, Fronza BM, Hadis M, Palin 
WM, Lima AF. Chemistry of novel and contemporary resin-based dental adhe-
sives. J Mech Behav Biomed Mater 2020;110:103875.

27. Egashira M, Suzuki T, Orimoto A, Obata T, Nakamura H, Tanaka M, Kanamori T, 
Kawai T. Structure-cytotoxicity relationship of methacrylate-based resin mon-
omers as evaluated by an anti-oxidant responsive element-luciferase reporter 
assay. Dent Mater J 2016;35:946–951.

28. Etiennot L, Ordies M, Yao C, Mercelis B, Peumans M, Meerbeek B Van. Effective 
10-MDP bonding to saliva-contaminated dentin. J Adhes Dent 2025;27:65.



Delgado et al

191doi: 10.3290/j.jad.c_2297

29. Fehrenbach J, Isolan CP, Münchow EA. Is the presence of 10-MDP associated to 
higher bonding performance for self-etching adhesive systems? A meta-analy-
sis of in vitro studies. Dent Mater 2021;37:1463–1485.

30. Feitosa VP, Ogliari FA, Van Meerbeek B, Watson TF, Yoshihara K, Ogliari AO, et 
al. Can the hydrophilicity of functional monomers affect chemical interaction? 
J Dent Res 2014;93:201–206.

31. Foly JCS do N, Weissheimer M, Gaspar CF, Fehrenbach J, Miotti LL, Piva E, Mün-
chow EA. Bonding performance of universal adhesive systems to enamel – 
effects of the acidic composition. Dent Mater 2025;41:272–282.

32. Fujisawa S, Atsumi T. Cytotoxicities of a 4-META/MMA-TBBO resin against 
human pulp fibroblasts. Dent Mater J 2004;23:106–108.

33. Fujita K, Ma S, Aida M, Maeda T, Ikemi T, Hirata M, Nishiyama N. Effect of reacted 
acidic monomer with calcium on bonding performance. J Dent Res 2011;90: 
607–612.

34. Furtado PRP, Savanhago RM, Castro N, Gariani RA, Meier MM. Synthesis and 
characterization of the dental adhesive monomer 10-MDP. Dent Mater 
2024;40:2000–2007.

35. Halder AK, Delgado AHS, Cordeiro MNDS. First multi-target QSAR model for 
predicting the cytotoxicity of acrylic acid-based dental monomers. Dent Mater 
2022;38:333–346.

36. Han F, Jin X, Yuan X, Bai Z, Wang Q, Xie H. Interactions of two phosphate ester 
monomers with hydroxyapatite and collagen fibers and their contributions to 
dentine bond performance. J Dent 2022;122:104159.

37. Hanabusa M, Yoshihara K, Yoshida Y, Okihara T, Yamamoto T, Momoi Y, Van 
Meerbeek B. Interference of functional monomers with polymerization effi-
ciency of adhesives. Eur J Oral Sci 2016;124:204–209.

38. Hardan L, Bourgi R, Kharouf N, Mancino D, Zarow M, Jakubowicz N, Haikel Y, 
Cuevas-Suárez CE. Bond strength of universal adhesives to dentin: a system-
atic review and meta-analysis. Polymers (Basel) 2021;13:814.

39. Hardan L, Orsini G, Bourgi R, Cuevas-Suárez CE, Nicastro M, Lazarescu F, et al. 
Effect of active bonding application after selective dentin etching on the 
immediate and long-term bond strength of two universal adhesives to dentin. 
Polymers 2022;14:1129.

40. Hasegawa T, Manabe A, Itoh K, Wakumoto S. Investigation of self-etching den-
tin primers. Dent Mater 1989;5:408–410.

41. Hayakawa T, Kikutake K, Nemoto K. Efficacy of self-etching primers containing 
carboxylic acid monomers on the adhesion between composite resin and den-
tin. J Oral Sci 1998;40:9–16.

42. Hayakawa T, Kikutake K, Nemoto K. Influence of self-etching primer treatment 
on the adhesion of resin composite to polished dentin and enamel. Dent Mater 
1998;14:99–105.

43. Hiraba H, Koizumi H, Nogawa H, Takehana K, Yoneyama T, Matsumura H. 
Effects of methacryloyloxydecyl dihydrogen phosphate on bonding of tri-n-bu-
tylborane-initiated resin to human enamel. Dent Mater J 2023;42:478–484.

44. Hiraishi N, Nishiyama N, Ikemura K, Yau JYY, King NM, Tagami J, Pashley DH, 
Tay FR. Water concentration in self-etching primers affects their aggressive-
ness and bonding efficacy to dentin. J Dent Res 2005;84:653–658.

45. Hiraishi N, Tochio N, Kigawa T, Otsuki M, Tagami J. Monomer-collagen interac-
tions studied by saturation transfer difference NMR. J Dent Res 2013;92:284–288.

46. Hiraishi N, Tochio N, Kigawa T, Otsuki M, Tagami J. Role of 2-hydroxyethyl 
methacrylate in the interaction of dental monomers with collagen studied by 
saturation transfer difference NMR. J Dent 2014;42:484–489.

47. Iliev G, Hardan L, Kassis C, Bourgi R, Cuevas-Suárez CE, Lukomska-Szymanska 
M, et al. Shelf life and storage conditions of universal adhesives: a literature 
review. Polymers 2021;13:2708.

48. Inoue S, Koshiro K, Yoshida Y, De Munck J, Nagakane K, Suzuki K, Sano H, Van 
Meerbeek B. Hydrolytic stability of self-etch adhesives bonded to dentin. J 
Dent Res 2005;84:1160–1164.

49. Jee SE, Zhou J, Tan J, Breschi L, Tay FR, Grégoire G, Pashley DH, Jang SS. Inves-
tigation of ethanol infiltration into demineralized dentin collagen fibrils using 
molecular dynamics simulations. Acta Biomater 2016;36:175–185.

50. Jin X, Han F, Wang Q, Yuan X, Zhou Q, Xie H, Niu L, Chen C. The roles of 10-meth-
acryloyloxydecyl dihydrogen phosphate and its calcium salt in preserving the 
adhesive–dentin hybrid layer. Dent Mater 2022;38:1194–1205.

51. Kim EC, Park H, Lee SI, Kim SY. Effect of the acidic dental resin monomer 
10-methacryloyloxydecyl dihydrogen phosphate on odontoblastic differentia-
tion of human dental pulp cells. Basic Clin Pharmacol Toxicol 2015;117:340–349.

52. Kintopp CC de A, Furuse AY, Costa RM, de Lucena FS, Correr GM, Gonzaga CC. 
Influence of acidic monomer concentration and application mode on the bond 
strength of experimental adhesives. Braz Oral Res 2020;34.

53. Kuraray Noritake. The MDP monomer: where would we be without it? 2022. 
Available at: https://www.dental-tribune.com/c/kuraray-noritake/news/the-
mdp-monomer-where-would-we-be-without-it/

54. Kurata S, Morishita K, Kawase T, Umemoto K. Cytotoxic effects of polybasic 
acids, poly(alkenoic acid)s, and the monomers with various functional groups 
on human pulp fibroblasts. Dent Mater J 2011;30:904–912.

55. Van Landuyt KL, Snauwaert J, De Munck J, Peumans M, Yoshida Y, Poitevin A, et 
al. Systematic review of the chemical composition of contemporary dental 
adhesives. Biomater 2007;28:3757–3785.

56. Van Landuyt KL, Yoshida Y, Hirata I, Snauwaert J, De Munck J, Okazaki M, et al. 
Influence of the chemical structure of functional monomers on their adhesive 
performance. J Dent Res 2008;87:757–761.

57. Leal FB, Madruga FC, Prochnow EP, Lima GS, Ogliari FA, Piva E, Moraes RR. 
Effect of acidic monomer concentration on the dentin bond stability of self-
etch adhesives. Int J Adhes Adhes 2011;31:571–574.

58. Liu W, Meng H, Sun Z, Jiang R, Dong CA, Zhang C. Phosphoric and carboxylic 
methacrylate esters as bonding agents in self-adhesive resin cements. Exp 
Ther Med 2018;15:4531–4537.

59. Liu Y, Bai X, Liu YW, Wang Y. Light-cured self-etch adhesives undergo 
hydroxyapatite-triggered self-cure. J Dent Res 2016;95:334–341.

60. Llerena-Icochea AE, Costa RM, Borges AFS, Bombonatti JFS, Furuse AY. Bond-
ing polycrystalline zirconia with 10-MDP-containing adhesives. Oper Dent 
2017;42:335–341.

61. Lohbauer U, Nikolaenko SA, Petschelt A, Frankenberger R. Resin tags do not 
contribute to dentin adhesion in self-etching adhesives. J Adhes Dent 
2008;10:97–103.

62. Ma Y, Yang L, Gao Y, Bian J, Chen Y, Xie H, Chen C. 10-MDP in dentin bonding: a 
novel role in pulp protection via modulation of dental pulp stem cell behavior. 
Clin Oral Investig 2025;29:1–11.

63. Manso AP, Marquezini L, Silva SMA, Pashley DH, Tay FR, Carvalho RM. Stability 
of wet versus dry bonding with different solvent-based adhesives. Dent Mater 
2008;24:476–482.

64. Mazzitelli C, Maravic T, Sebold M, Checchi V, Josic U, Breschi L, Mazzoni A. 
Effect of shelf-life of a universal adhesive to dentin. Int J Adhes Adhes 2020;102: 
102673.

65. Van Meerbeek B, Yoshihara K, Van Landuyt K, Yoshida Y, Peumans M. From 
Buonocore’s pioneering acid-etch technique to self-adhering restoratives. a 
status perspective of rapidly advancing dental adhesive technology. J Adhes 
Dent 2020;22:7–34.

66. Van Meerbeek B, Yoshihara K, Yoshida Y, Mine A, De Munck J, Van Landuyt KL. 
State of the art of self-etch adhesives. Dent Mater 2011;27:17–28.

67. Miyasaka K, Nakabayashi N. Effect of Phenyl-P/HEMA acetone primer on wet 
bonding to EDTA-conditioned dentin. Dent Mater 2001;17:499–503.

68. Monteiro AA, Salgado VE, Vitti RP, Loureiro Bertolo MV, Cavalcante LM, Schnei-
der LFJ. Effect of adhesive-monomers and photoinitiator on C=C conversion 
and color stability of model self-adhesive flowable composites. Int J Adhes 
Adhes 2018;87:119–123.

69. Moraes RR, Guimarães GZ, Oliveira AS, Faot F, Cava SS. Impact of acidic mono-
mer type and concentration on the adhesive performance of dental zirconia 
primers. Int J Adhes Adhes 2012;39:49–53.

70. Moszner N, Catel Y. Phosphorus-based monomers used for dental application 
[Internet]. In: Monge S, David G, Chemistry RS of (eds). Phosphorus-Based Pol-
ymers: From Synthesis to Applications. London: The Royal Society of Chemis-
try; 05/22/2014:0.

71. Moszner N, Hirt T. New polymer-chemical developments in clinical dental pol-
ymer materials: Enamel-dentin adhesives and restorative composites. J Polym 
Sci A Polym Chem 2012;50:4369–4402.

72. De Munck J, Van Landuyt K, Peumans M, Poitevin A, Lambrechts P, Braem M, 
Van Meerbeek B. A critical review of the durability of adhesion to tooth tissue: 
methods and results. J Dent Res 2005;84:118–132.

73. Nagaoka N, Yoshihara K, Feitosa VP, Tamada Y, Irie M, Yoshida Y, et al. Chemical 
interaction mechanism of 10-MDP with zirconia. Sci Rep 2017;7:45563.

74. Nikaido T, Ichikawa C, Li N, Takagaki T, Sadr A, Yoshida Y, Suzuki K, Tagami J. 
Effect of functional monomers in all-in-one adhesive systems on formation of 
enamel/dentin acid-base resistant zone. Dent Mater J 2011;30:576–582.

75. Nishiyama N, Tay FR, Fujita K, Pashley DH, Ikemura K, Hiraishi N, King NM. 
Hydrolysis of functional monomers in a single-bottle self-etching primer – cor-
relation of 13C NMR and TEM findings. J Dent Res 2006;85:422–426.

76. Nurrohman H, Nakashima S, Takagaki T, Sadr A, Nikaido T, Asakawa Y, Uo M, 
Marshall SJ, Tagami J. Immobilization of phosphate monomers on collagen 
induces biomimetic mineralization. Biomed Mater Eng 2015;25:89–99.

77. Oguri M, Yoshida Y, Yoshihara K, Miyauchi T, Nakamura Y, Shimoda S, Hanabusa 
M, Momoi Y, Van Meerbeek B. Effects of functional monomers and photo-initi-
ators on the degree of conversion of a dental adhesive. Acta Biomater 
2012;8:1928–1934.

78. Opdam NJM, Van De Sande FH, Bronkhorst E, Cenci MS, Bottenberg P, Pallesen 
U, et al. Longevity of posterior composite restorations: a systematic review and 
meta-analysis. J Dent Res 2014;93:943–949.

79. Özcan M, Dündar M, Erhan Çömlekoğlu M. Adhesion concepts in dentistry: 
tooth and material aspects. J Adhes Sci Technol 2012;26:2661–2681.



Delgado et al

192 The Journal of Adhesive Dentistry

80. Parthasarathy R, Misra A, Park J, Ye Q, Spencer P. Diffusion coefficients of water 
and leachables in methacrylate-based crosslinked polymers using absorption 
experiments. J Mater Sci Mater Med 2012;23:1157–1172.

81. Pashley DH, Tay FR, Breschi L, Tjäderhane L, Carvalho RM, Carrilho M, Tezvergil-
Mutluay A. State of the art etch-and-rinse adhesives. Dent Mater 2011;27:1–16.

82. Pashley DH, Tay FR, Carvalho RM, Rueggeberg FA, Agee KA, Carrilho M, Don-
nelly A, García-Godoy F. From dry bonding to water-wet bonding to etha-
nol-wet bonding. A review of the interactions between dentin matrix and sol-
vated resins using a macromodel of the hybrid layer. Am J Dent 2007;20:7–20.

83. De Paula DM, Loguercio AD, Reis A, Sauro S, Alves AH, Picanço PR, Yoshihara K, 
Feitosa VP. Lack of neutralization of 10-MDP primers by zirconia may affect the 
degree of conversion of dual-cure resin cement. Oper Dent 2021;46:107–115.

84. Pheerarangsikul N, Wayakanon P, Wayakanon K. Effects of various functional 
monomers on adhesion between immediate dentin sealing and resin cement. 
Oper Dent 2022;47:562–573.

85. Richards ND, Söderholm KJ, Batich CD. Effect of molar mass of an experimen-
tal primer on shear bond strength to dentin. J Biomed Mater Res B Appl Bioma-
ter 2004;70:384–388.

86. Saikaew P, Matsumoto M, Chowdhury AFMA, Carvalho RM, Sano H. Does short-
ened application time affect long-term bond strength of universal adhesives to 
dentin? Oper Dent 2018;43:549–558.

87. Salz U, Zimmermann J, Zeuner F, Moszner N. Hydrolytic stability of self-etching 
adhesive systems. J Adhes Dent 2005;7:107–116.

88. Santini A, Miletic V. Quantitative micro-Raman assessment of dentine demin-
eralization, adhesive penetration, and degree of conversion of three dentine 
bonding systems. Eur J Oral Sci 2008;116:177–183.

89. Sebold M, André CB, Sahadi BO, Breschi L, Giannini M. Chronological history 
and current advancements of dental adhesive systems development: a narra-
tive review. J Adhes Sci Technol 2021;35:1941–1967.

90. Seoane H, Chasqueira F, Azul AM, Polido M, Delgado AH. Impact of shelf-life 
simulation on a self-adhesive composite: polymerization kinetics, chemical 
and color stability. J Adhes Dent 2023;25:167–176.

91. Shen J, Xie H, Wang Q, Wu X, Yang J, Chen C. Evaluation of the interaction of 
chlorhexidine and MDP and its effects on the durability of dentin bonding. 
Dent Mater 2020;36:1624–1634.

92. Shi Y, Zheng H, Wang W, Qian L, Zhao W, Xu J, Li M, Wu Z, Fu B. Dentin surface 
modification by MDP to improve dentin bonding stability: topological 
enhancement and mineralization of collagen structure in hybrid layers. Col-
loids Surf B Biointerfaces 2024;235:113776.

93. Shibuya K, Ohara N, Ono S, Matsuzaki K, Yoshiyama M. Influence of 10-MDP 
concentration on the adhesion and physical properties of self-adhesive resin 
cements. Restor Dent Endod 2019;44:e45.

94. da Silva RAA, Trinca RB, Vilela HS, Braga RR. Composite containing calcium 
phosphate particles functionalized with 10-MDP. J Dent Res 2024;103:427–433.

95. Spencer P, Ye Q, Misra A, Goncalves SEP, Laurence JS. Proteins, pathogens, and 
failure at the composite-tooth interface. J Dent Res 2014;93:1243–1249.

96. Spencer P, Ye Q, Park J, Topp EM, Misra A, Marangos O, Wang Y, Bohaty BS, 
Singh V, Sene F, Eslick J, Camarda K, Katz JL. Adhesive/dentin interface: the 
weak link in the composite restoration. Ann Biomed Eng 2010;38:1989–2003.

97. Spencer P, Ye Q, Song L, Parthasarathy R, Boone K, Misra A, Tamerler C. Threats 
to adhesive/dentin interfacial integrity and next generation bio-enabled multi-
functional adhesives. J Biomed Mater Res B Appl Biomater 2019;107:2673–2683.

98. Stape THS, Seseogullari-Dirihan R, Tjäderhane L, Abuna G, Martins LRM, Tez-
vergil-Mutluay A. A novel dry-bonding approach to reduce collagen degrada-
tion and optimize resin-dentin interfaces. Sci Rep 2018;8:6–13.

99. Stape THS, Tjäderhane L, Abuna G, Sinhoreti MAC, Martins LRM, Tezvergil-Mut-
luay A. Optimization of the etch-and-rinse technique: new perspectives to 
improve resin–dentin bonding and hybrid layer integrity by reducing residual 
water using dimethyl sulfoxide pretreatments. Dent Mater 2018;34:967–977.

100. Suh W, Kim K, Kwon J. Changes in adhesive strength and pH of dental universal 
adhesive in accordance with varying proportions of 10-MDP. Korean J Dent 
Mater 2023;50:281–292.

101. Takahashi S, Zhou J, Wurihan, Shimomura N, Kataoka Y, Watanabe C, Shibata 
Y, Funatsu T, Gao P, Miyazaki T. High-resolution mechanical mapping of the 
adhesive–dentin interface: the effect of co-monomers in 10-methacryloylox-
ydecyl dihydrogen phosphate. J Mech Behav Biomed Mater 2021;117:104389.

102. Teshima I. Degradation of 10-methacryloyloxydecyl dihydrogen phosphate. J 
Dent Res 2010;89:1281–1286.

103. Tjäderhane L, Buzalaf MAR, Carrilho M, Chaussain C. Matrix metalloprotein-
ases and other matrix proteinases in relation to cariology: the era of “dentin 
degradomics.” Caries Res 2015;49:193–208.

104. Toledano M, Osorio E, Espigares J, González-Fernández JF, Osorio R. Effects of 
an MDP-based surface cleaner on dentin structure, morphology and nanome-
chanical properties. J Dent 2023;138:104734.

105. Tsuchimoto Y, Yoshida Y, Mine A, Nakamura M, Nishiyama N, Van Meerbeek B, 
Suzuki K, Kuboki T. Effect of 4-MET- and 10-MDP-based primers on resin bond-
ing to titanium. Dent Mater J 2006;25:120–124.

106. Vaidyanathan J, Ravichandran S, Vaidyanathan T, Vaidyanathan J, Ravichan-
dran S, Vaidyanathan T. Computational analysis of adhesion of primer ligands 
to dentinal collagen: effect of spacer groups in ligand and amino Acid residue 
sequence differences in collagen. Curr Drug Discov Technol 2007;4:150–161.

107. Vaidyanathan TK, Vaidyanathan J. Recent advances in the theory and mechan-
ism of adhesive resin bonding to dentin: a critical review. J Biomed Mater Res 
B Appl Biomater 2009;88:558–578.

108. Wang R, Shi Y, Li T, Pan Y, Cui Y, Xia W. Adhesive interfacial characteristics and 
the related bonding performance of four self-etching adhesives with different 
functional monomers applied to dentin. J Dent 2017;62:72–8 .

109. Wang W, Sun X, Huang L, Gao Y, Ban J, Shen L, Chen J. Structure-property rela-
tionships in hybrid dental nanocomposite resins containing monofunctional 
and multifunctional polyhedral oligomeric silsesquioxanes. Int J Nanomedi-
cine 2014;9:841–852.

110. Wang X, Wang C, Zhang L, Zhang Z, Fu B, Hannig M. Influence of priming time 
and primers concentrations on bovine enamel bond strengths. J Adhes Sci 
Technol 2013;27:2558–2570.

111. Watanabe I, Nakabayashi N, Pashley DH. Bonding to ground dentin by a phe-
nyl-P self-etching primer. J Dent Res 1994;73:1212–1220.

112. Yoshida Y, Nagakane K, Fukuda R, Nakayama Y, Okazaki M, Shintani H, et al. 
Comparative study on adhesive performance of functional monomers. J Dent 
Res 2004;83:454–458.

113. Yazdi F-MM, Moosavi H, Atai M, Zeynali M. Dentin bond strength and degree of 
conversion evaluation of experimental self-etch adhesive systems. J Clin Exp 
Dent 2015;7:e243–e249.

114. Yoshida K. Effect of 10-methacryloyloxydecyl dihydrogen phosphate concen-
trations in primers on bonding resin cements to zirconia. J Prosthodont 
2021;30:356–362.

115. Yoshida K, Tsuo Y, Atsuta M. Bonding of dual-cured resin cement to zirconia 
ceramic using phosphate acid ester monomer and zirconate coupler. J Biomed 
Mater Res B Appl Biomater 2006;77:28–33.

116. Yoshida Y, Inoue S. Chemical analyses in dental adhesive technology. Japan 
Dent Sci Rev 2012;48:141–152.

117. Yoshida Y, Van Meerbeek B, Nakayama Y, Yoshioka M, Snauwaert J, Abe Y, et al. 
Adhesion to and decalcification of hydroxyapatite by carboxylic acids. J Dent 
Res 2001;80:1565–156 .

118. Yoshida Y, Nagakane K, Fukuda R, Nakayama Y, Okazaki M, Shintani H, et al. 
Comparative study on adhesive performance of functional monomers. J Dent 
Res 2004;83:454–45 2.

119. Yoshida Y, Yoshihara K, Nagaoka N, Hanabusa M, Matsumoto T, Momoi Y, et al. 
X-ray diffraction analysis of three-dimensional self-reinforcing monomer and 
its chemical interaction with tooth and hydroxyapatite. Dent Mater J 2012;31: 
697–702.

120. Yoshihara K, Hayakawa S, Nagaoka N, Okihara T, Yoshida Y, Van Meerbeek B. Etch-
ing efficacy of self-etching functional monomers. J Dent Res 2018;97:1010–10 .

121. Yoshihara K, Nagaoka N, Benino Y, Nakamura A, Hara T, Maruo Y, Yoshida Y, Van 
Meerbeek B. Touch-cure polymerization at the composite cement-dentin 
interface. J Dent Res 2021;100:935–942.

122. Yoshihara K, Nagaoka N, Hayakawa S, Okihara T, Yoshida Y, Van Meerbeek B. 
Chemical interaction of glycero-phosphate dimethacrylate (GPDM) with 
hydroxyapatite and dentin. Dent Mater 2018;34:1072–108 1.

123. Yoshihara K, Nagaoka N, Nakamura A, Hara T, Yoshida Y, Van Meerbeek B. Nano-lay-
ering adds strength to the adhesive interface. J Dent Res 2021; 100:515–5

124. Yoshihara K, Nagaoka N, Okihara T, Kuroboshi M, Hayakawa S, Maruo Y, et al. 
Functional monomer impurity affects adhesive performance. Dent Mater 
2015;31:1493–150 1.

125. Yoshihara K, Nagaoka N, Yoshida Y, Van Meerbeek B, Hayakawa S. Atomic level 
observation and structural analysis of phosphoric-acid ester interaction at 
dentin. Acta Biomater 2019;97:544–556.

126. Yoshihara K, Yoshida Y, Hayakawa S, Nagaoka N, Irie M, Ogawa T, Van Landuyt 
KL, Osaka A, Suzuki K, Minagi S, Van Meerbeek B. Nanolayering of phosphoric 
acid ester monomer on enamel and dentin. Acta Biomater 2011;7:3187–319 .

127. Yoshihara K, Yoshida Y, Hayakawa S, Nagaoka N, Kamenoue S, Okihara T, et al. 
Novel fluoro-carbon functional monomer for dental bonding. J Dent Res 
2014;93:189–194.

128. Yoshihara K, Yoshida Y, Nagaoka N, Fukegawa D, Hayakawa S, Mine A, et al. 
Nano-controlled molecular interaction at adhesive interfaces for hard tissue 
reconstruction. Acta Biomater 2010;6:3573–3582.

129. Yoshihara K, Yoshida Y, Nagaoka N, Hayakawa S, Okihara T, De Munck J, et al. 
Adhesive interfacial interaction affected by different carbon-chain monomers. 
Dent Mater 2013;29:888–897.



Delgado et al

193doi: 10.3290/j.jad.c_2297

130. Yoshihara K, Yoshihara K, Nagaoka N, Okihara T, Irie M, Matsukawa A, et al. 
Development of self-adhesive pulp-capping agents containing a novel hydro-
philic and highly polymerizable acrylamide monomer. J Mater Chem B 2020;8: 
5320–5329.

131. Yoshii E. Cytotoxic effects of acrylates and methacrylates: relationships of 
monomer structures and cytotoxicity. J Biomed Mater Res 1997;37:517–524.

132. Yoshioka M, Yoshida Y, Inoue S, Lambrechts P, Vanherle G, Nomura Y, Okazaki 
M, Shintani H, Van Meerbeek B. Adhesion/decalcification mechanisms of acid 
interactions with human hard tissues. J Biomed Mater Res 2002;59:56–6 .

133. Yu F, Luo ML, Xu RC, Huang L, Zhou W, Li J, Tay FR, Niu LN, Chen JH. Evaluation 
of a collagen-reactive monomer with advanced bonding durability. J Dent Res 
2020;99:813–819.

134. Yuan X, Wang Q, Zhao Q, Bai Z, Chen C, Xie H. Inhibition of matrix metallopro-
teinase-9 by 10-MDP and its calcium salt contributes to improved den-
tin-bonding durability. Int J Adhes Adhes 2023;120:103302.

135. Yun N, Kim H-J, Kwon J, Kim S-Y, Kim D-S. Enhancing dental sealant perfor-
mance: effects of mesoporous bioactive glass and 10-MDP on adhesion and 
remineralization. J Dent 2025;160:105869.

136. Zhang J, Guo X, Zhang X, Wang H, Zhu J, Shi Z, Zhu S, Cui Z. Hydrolysis-resist-
ant and stress-buffering bifunctional polyurethane adhesive for durable den-
tal composite restoration. R Soc Open Sci 2020;7:200457.

137. Zhao Q, Han F, Yuan X, Chen C. Effects of solvents and pH Values on the chemical 
affinity of 10-methacryloyloxydecyl dihydrogen phosphate toward hydroxy-
apatite. ACS Omega 2021;6:19183–19193.

138. Zhou J, Wurihan, Shibata Y, Tanaka R, Zhang Z, Zheng K, et al. Quantitative/qual-
itative analysis of adhesive-dentin interface in the presence of 10-methacryloy-
 loxydecyl dihydrogen phosphate. J Mech Behav Biomed Mater 2019;92:71–78.

139. Zhou L, Wu Y, Bai Z, Bian J, Xie H, Chen C. Effects of 10-MDP calcium salt on 
osteoblasts and fibroblasts. Dent Mater 2024;40:1322–1331.


