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Abstract

Objectives.—The development of thermosetting polymers with autonomic reparability has
become an important research topic since it has the potential to benefit several fields such as
biomaterials, tissue engineering, paint and coating technologies, electronics, and soft robotics.
In dentistry, the development of restorative materials capable of inhibiting the propagation of
microcracks caused by masticatory forces and thermal stress may represent a crucial expansion
of the limited clinical lifespan of dental restorations, which is a pressing challenge. Biological
systems have inspired the underlying concepts and designs of synthetic polymeric self-healing
systems, and different strategies have been used to impart autonomous repair capability in
polymers. In this review, the most relevant intrinsic strategies are categorized based on the
reaction mechanisms. In general, these strategies rely on the incorporation of latent functionalities
capable of undergoing reversible chemical bonds within the polymeric structure (chemically or
compositionally tuned).

Search Strategy.—The searches were conducted in the databases Scopus, PubMed, and Google
Scholar and limited to articles that were written in English and published during the last ten years.
A few additional articles were included by complementing the database searches with manual
review of the reference lists.

Overall Conclusions.—Although intrinsic approaches remain underexplored in dentistry, a
wide variety of elegant chemistries with tremendous translational potential employed in other
fields to promote autonomic repair are highlighted in this review.

Graphical Abstract

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Address correspondence to Dr Fugolin. fugolin@ohsu.edu.
Disclosure. Drs Fugolin and Pfeifer did not report any disclosures.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fugolin and Pfeifer Page 2

Intrinsic Self-Healing Synthetic Polymers

Keywords

Dental polymers; self-healing biomaterials; dental resin composites; stimuliresponsive polymers;
autonomous self-healing materials

Introduction

Restorative dental materials capable of autonomously responding and healing microcracks
have emerged as alternatives to prevent premature fracture and overcome the limited service
life of dental restorations.? Inspired by the healing processes of living organisms, different
strategies have been designed to enable thermosetting polymers to inhibit the propagation
of cracks resulting from masticatory forces and thermal stress. In general, there are 2 main
categories of self-healing dental polymers: extrinsic and intrinsic.2 In the extrinsic systems,
the healing agent, a low viscosity reactive compound, is kept sequestered from the organic
matrix in microcontainers (microcapsules or 3-dimensional microvascular networks) and
released as the propagation of the microcracks leads to the rupture of these reservoirs.2=5

In dentistry, the extrinsic microcapsule-based systems have been the most consistently used,
and, at least in part, this is due to the fact that this approach does not require fundamental
changes in the process used to manufacture and apply dental polymers.® This review focuses
on the less-studied intrinsic systems as they can potentially be applied in dentistry, based on
the advances made in other fields.

Intrinsic self-healing systems are considered a perpetual self-healing approach due to the
possibility of fully or partially repairing the initial bulk properties ad aeternum, which

is not possible with extrinsic systems.” In intrinsic self-healing systems, the polymeric
network contains latent functional groups capable of reorganizing and re-forming bonds,
which makes the organic matrix inherently selfhealing.8 As mentioned, this approach has
been underexplored in dentistry, mainly because the high glass transition temperature (Tg)
of the densely crosslinked networks required for intraoral use is at odds with the diffusion-
controlled chemical group accessibility required in most of the dynamic reactions at room
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or body temperature. Replacing the bulk of the material with some of these chemistries
would be counterproductive and might actually explain why this approach has been less
commonly used in dental material applications. However, it is still possible to harness some
of the elegant chemistry strategies that have been successfully used in drug delivery, organic
coatings, automobile and aerospace industries, and a wide variety of other fields by, for
example, localizing the self-healing moieties at the filler-matrix interface (for composites) or
including these in lower Tg adhesive materials.

In this review, reversible chemical reactions used to design intrinsic self-healing polymeric
systems are presented. The potential applicability of each of them to dentistry is discussed,
taking into consideration predicate materials or existing biological uses, such as hydrogels,
where there is overalp of mechanical and biocompatibility requirements. The aim of this
review is to develop a thorough understanding of the available alternatives and build a tool
kit tailored to the different clinical applications of dental polymers.

Methods & Discussion

Overview of Intrinsic Strategies

Intrinsic self-healing systems comprise latent functionalities within the polymeric structure
(chemically or compositionally tuned), which form reversible chemical bonds. The

healing is triggered by damage (surface tension and elastic energy of the stress source)

or external stimulus (light, heat, pH, solvent).®10 The process is characterized by a
hierarchical sequence of steps initiated by the damage and followed by resting time, chain
reorganization, and the maintenance of the polymer integrity during the healing kinetics,
with the dimension of the damaged area playing a critical role.19 In thermoset polymers,
the healing can proceed via chemical bond formation (covalent or noncovalent) or physical
interaction, such as chain entanglements. Although physical entanglements are feasible,
these strategies require specific conditions such as high temperatures and presence of
solvents to enable sufficient polymeric chain mobility, which may represent a roadblock for
their use in dental polymers. Therefore, this literature review will focus on the mechanisms
involving reversible chemical bond formation.

Chemical crosslinking reactions

Covalent

In this intrinsic strategy, dynamic reversible bonds are incorporated within and between the
polymer chains to promote molecular network rearrangements at disrupted regions. These
reversible bonds can be covalent or non-covalent (supramolecular chemistry).

Dynamic covalent bonds encompass a wide range of re-bonding mechanisms in which
reversibility and repair are achieved while maintaining net covalent linkages.1! The
reversible chemistry can be either at the crosslink between polymeric chains or within the
polymer backbone.12 The first strategy is called reversible macromer and is characterized by
the presence of irreversible chains crosslinked by reversible covalent bonds, which can either
be part of the network forming chemistry or can stay latent in the monomer backbone.13

The latter approach is classified as reversible monomer and is based on the presence of
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reversible crosslinks uniformly distributed throughout the network.14 The 2 strategies result
in polymeric networks with different architectures and final mechanical properties.12 The 4
main reversible self-healing covalent available approaches rely on (1) exchange, (2) stable
free radical-mediated reshuffle, (3) addition, and reactions with (4) heterocyclic compounds.

Reversible Exchange Reactions—In these chemical reactions, 2 reactants interchange
bonds, with the specific molecular connectivity being alternated by forward and reverse
reactions. There is no decrease in net connectivity or crosslink density during the transition
state, and some of these reactions are triggered under mild conditions such as physiological
temperatures, which makes this strategy feasible for dental polymers. This approach is being
used in at least 1 commercial material already.12-1> There are several exchange reactions, the
most relevant of which are shown in Figure 1.

Transesterification reactions.: In these chemical reactions, ester bonds exchange with
alcohols, carboxylic acids, and other esters in the presence of a catalyst!® (Figure 1A).
Stable vitrimer networks based on transesterification via epoxy-thiol polymerization have
been reported.” Although typical transesterification reactions require high temperatures (up
to 100 °C), strong acids, and specific catalysts,18 the click-reaction between the epoxy

and thiol functionalities at room temperature leads to the formation of a network with

low Tg (10-20 °C) and reduced activation energy to trigger transesterification reactions.’
As mentioned, although it would not be practical to replace the bulk of the restorative
material with this, it could be strategically localized at stress-concentrating areas, such as the
filler-matrix interface.1?

Reversible addition—fragmentation chain transfer reactions.: In this modality, a
degenerate chain transfer agent (alkyl sulfides and trithiocarbonates [TTCs]) exchanges
functionality with another similar functional group in a reversible, equilibrium-based
deactivation reaction12:20 (Figure 1B). Similar technology has been used in the Filtek
One Bulk Fill dental composite (3M ESPE). This system is formulated with an addition
fragmentation monomer capable of cleaving and re-forming bonds via reactive fragments
during polymerization at room temperature, which ultimately reduces stress,?! in a
mechanism analogous to edge dislocation movement through a slip plane in metals.

Sulfur-based bonds.: Disulfide bonds are a radical-mediated reaction in which disulfide
bonds (S-S) are homolytically cleaved and followed by subsequent transfer of sulfur-

based radicals, which necessarily requires a deprotonated thiol. Disulfide bonds have

lower activation energies than carbon bonds, which makes the mechanical scission

much more likely, including at mild temperatures.22:23 In addition, since disulfide bonds
are easily oxidized and reduced, the exchange reaction can be also triggered by pH
variation.24 Temperature and pH variations are common in the oral cavity, and if properly
engineered, these materials could actually take advantage of those conditions for activation.
Furthermore, these reactions can be tuned to become light responsivel? (Figure 1C-1).
Disulfide exchange reactions have been reported in thiourethane networks in the presence of
bases and under heat or ultraviolet (UV) light.2° In 2020, a self-healing thermoset system
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composed of a waterborne polyurethane based on disulfide bonds (4-aminophenyl disulfide)
was designed and showed dynamic and exchangeable states at room temperature.26

In thiol-thiourethane and thiol-yhioester reactions, pendant thiols exchange with thiols
present in thiourethane?’ or thioester bonds?8-30 (Figures 1C-2 and 1C-3, respectively),
at room temperature and in the absence of additional catalyst, as long as a slight thiol—
isocyanate stoichiometric imbalance is present.2” This mechanism makes it possible for
thiourethane bonds to be reprocessable and recyclable in solvated systems?’ and has

been explored for tuning hydrogels developed to trigger specific biological responses.2%:30
Recyclable and repolymerizable photopolymer networks can be created without solvent in
thiolene photopolymerization reactions.3!

In the thiol-disulfide category of reversible reactions, a reduced thiol is exchanged with

a disulfide, and a new thiol and a new disulfide are formed (Figure 1C-4). The thiol
nucleophile attacks the electrophilic disulfide.32 A thermoset system based on this chemistry
has been reported and has shown promising self-healing capability in a pH-dependent
(optimal pKa = 12) reaction at mild temperatures (full exchange at 60 °C).33

As a practical example of a potential dental application, resin composites containing
thiourethane additives in the organic matrix or on the filler particle surfaces showed stark
reduction in polymerization stress and fracture toughness reinforcement.34-49 Although
delayed gelation or vitrification through chain transfer reactions via the pendant thiols

is most likely the main mechanism involved in the relief of stresses generated during

the polymerization, the significant increase in toughness and more recent stress-relaxation
results suggest that sulfur bond dynamics can potentially also play a role.#! Studies from
other fields have shown that several associative and dissociative reversible reactions take
place in thiourethane polymeric networks, such as associative thiol-thiourethane exchange,2’
associative disulfide exchange,2 associative exchange trans-thio-carbamoylation,#243 and
dissociative thiol-isocyanate.2” Although in these studies lower Tg networks were used
overall, for dental applications, these strategies will replace only a part of the organic matrix
or be localized at the filler interface, which, as mentioned, has been shown to be feasible.*!

Dynamic urea bonds.: This is a dissociation-recombination reaction, in which the urea
bonds bearing a bulky group on the nitrogen atom are reversibly dissociated in amine and
isocyanate moieties and are capable of subsequently reforming urea bonds.** The bulky
substituent on the urea nitrogen atom is essential to weaken the urea bond and allow the
reversibility of the reaction. Otherwise, the conjugation between the lone pair of electrons
in the nitrogen atom and the r electrons in the carbonyl will make the bond highly stable
and irreversible.*® The use of hindered urea bonds to obtain polyurethane-urea with lower
Tg makes it possible for the self-healing dynamics to be triggered at ambient conditions®
(Figure 1D). A 2020 study developed an urease-aided self-healing dental composite, which
hydrolyses urea and forms calcium carbonate as a precipitate.#8 In that proof-of-concept
article, a disk polymer containing urease was incubated in a medium supplemented with
urea and calcium chloride, and a calcium carbonate film was deposited on the disk surface.
The authors postulated that this film was capable of filling superficial cracks and preventing
further damage.
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Siloxane exchange.: In this strategy, anionic reactive silanolate end groups react with
network polymeric chains, and the crosslinks are restructured via covalent bonding between
the oxygen atoms of the 2 molecules*’ (Figure 1E). Silyl ether bonds incorporated into
hydroxyl-containing polymeric networks allow for full reprocessability of these materials,
although this still requires temperatures above 150 “C.#8 However, this reaction is amendable
to catalysis, which would be a needed development to allow for this to be potentially used at
temperatures applicable in dentistry.

Stable Free Radical-Mediated Reshuffle Reactions—The exchange reactions
described above are the foundation for these reshuffle reactions. The differential is the
presence of stable, free radicals to mediate the exchange process and ultimately provide
sufficient time for covalent bond re-formation.1> As the cleavage of covalent bonds in the
damaged area generates free radicals, recoupling and re-formation of covalent linkages is
achieved. In common exchange reactions, the free radicals are not stabilized and are highly
susceptible to oxidation, leading to loss of reactivity and termination of the self-healing
process. However, in the presence of stable free radicals, the recoupling process is still
possible for an extended period, which allows for polymeric network rearrangement before
the formation of new covalent bonds.1°

TTC reshuffling.: This reaction is based on the reversible addition-fragmentation chain
transfer reactions principle, with the TTC units acting as photoinitiators and undergoing
reshuffling in response to a light stimulus.#? Under UV radiation, carbon-sulfur bonds
generate stable free radicals that are able to exchange with neighboring TTC groups.1®
Based on the dynamic covalent reshuffling of the TTC, the network is able to autorepair,
including the macroscopic fusion of separate pieces (Figure 2A).4°

Allyl sulfilde-thiol.: In this mechanism, thiol-containing compounds exchange with the allyl
sulfide functional group. The carbon-carbon double bond is attacked by a thiyl radical that
is added to the backbone.>? The carbon-carbon double bond is regenerated as a new thiyl
radical is formed (Figure 2B).%1 This reaction has been combined with the chain transfer
mechanism to develop tunable hydrogels®! and to synthesize malleable and recyclable
thermoset plastics under light stimulus.52:53

Alkoxyamine.: This reaction is characterized by the reversible dissociation and formation
of alkoxyamine bonds on heating. Although this is essentially an exchange reaction, the
differential is the participation of stable nitroxide free radical species which are responsible
for mediating the capping of the polymer chain end.>* A polystyrene network is an example
of polymeric chains crosslinked by dynamic reversible alkoxyamine groups.1® The challenge
in these dynamic reactions is to achieve enough chain mobility, which can be tuned by the
molar ratio between styrene and nitroxide bonds and by selecting backbone structures that
generally afford low Tg (Figure 2C).15

The last 3 reactions in this group, in general, require light irradiation or thermal activation,
and it would be more challenging to use them in dentistry; the restricted motion of
macromolecular segments would be another challenge. However, it has been shown that
reassociation reactions are possible at room temperature and without requiring light
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activation, which can be accomplished by varying the chain length between crosslinks to
generate more flexible networks or by engineering a higher compliance phase or domain
within a rigid network.® For example, alkoxyamines incorporated as crosslinkers into

a linear polyurethane matrix showed macrorepairing capability starting at physiological
temperatures.>® Although the challenge is the oxidation sensitivity of the free radicals,
conceivably a system could be developed for dental adhesives.

Reversible Addition Reactions—In general, addition reversible reactions take place
when the 1t bonds of 2 compounds are broken and recombined into a single compound that
contains the elements present in the original reactants.

Hydrazones.: In these reversible reactions, ketones or aldehydes react with amines or
hydrazides to produce hydrazones.5® The reaction is facilitated by heating or by an increase
in water concentration. In the absence of water, associative addition and elimination
reactions still take place and rely on the presence of pendant amine-functionalities.>”:58 This
chemistry has been used for hydrogel synthesis®® and may be feasible for dental adhesives or
drug delivery at the adhesive hybrid layer.

Boroxine bonds.: Networks based on boronic esters and bor-oxines contain boron-

oxygen reprocessable dynamic bonds.6% Three different reactions are possible:
hydrolysis—dehydration (boronic acid is dehydrated yielding cyclic trimers—bor-oxides),
transesterification of boronic esters by external addition diols, and direct metathesis between
different boronic ester compounds.59 In the metathesis reaction, 2 hydrocarbons (alkynes,
alkenes, or alkanes) are combined into 2 new hydrocarbons by the exchange of carbon-
carbon bonds (triple, double, or single, respectively) in a reaction catalyzed by metals. Room
temperature self-healing polymers based on dynamic-covalent boronic esters polymers have
been reported in the literature.1 The reaction is triggered in the presence of water5! and

has been applied to design drug delivery systems,2 which may make this approach an
interesting chemistry for dental adhesives.

Cycloaddition reactions.: These are pericyclic reactions characterized by the addition of

Tt reactants and result in the formation of a new cyclic molecule and 2 new o bonds. The
process takes place via a simultaneous series of bond-breaking and bond-making events in a
single kinetic step; that is, there is only 1 transition state.53

In a thermo-cycloaddition reaction, Diels-Alder (DA) or retro-Diels-Alder (retro-DA) [2

+ 4] thermoreversible reaction between a diene and a dienophile (typically an alkene)
results in a 6-membered ring. In the retro-DA reactions, the diene and the dienophile are
disconnected in a reaction triggered by elevated temperatures (typically above Tg) or crack
formation, and subsequently, at lower temperatures, the covalent bonds are reconstructed
and the damaged area is repaired.1> Examples of reversible DA or retro-DA reactions are
presented in Figure 3A. Although in industrial applications, these reactions are normally
realized at high temperatures, there are examples in nature, such as the natural catalysis of
spirotetronate cyclase AbyU, an enzyme shown to be a bona fide natural Diels-Alderase,%*
that could inspire potential dentin adhesives.
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In photochemical cycloaddition reactions, the chemical reactions are characterized by ring
opening and closure modulated via light exposure at different wavelengths.1® There are

2 types of photochemical reversible cycloaddition reactions: [2 + 2] and [4 + 4]. In [2

+ 2] cycloaddition reactions, 2 = bonds of 2 different molecules are broken, and the
molecules are combined by the formation of 2 o bonds in a 4-membered ring (eg, 2 ethenes
forming cyclobutane). In [4 + 4] cycloaddition reactions, 4 = bonds of 2 different molecules
are broken, and the molecules are combined in an 8-membered ring (eg, anthracene
derivates). Examples of photochemical cycloaddition reactions are depicted in Figure 3B,
C. Cycloaddition reactions are just 1 representative of pericyclic chemistry modality. There
are 3 other types of reversible reactions based on reorganization of bonding electron pairs
by way of cyclic transition states, namely: electrocyclic, sigmatropic, and ene reactions.
Extending the application of photochemical cycloaddition reactions to biological settings
was the motivation for the development of low-energy, long-wavelength light with high
penetration, as well as methods for regulation of the photochemical process by pH control.85
In an elegant approach to synthesize a cell-laden hydrogel, the [2 + 2] cycloaddition of

a halochromic system based on a styrylquinoxaline moiety was induced by green light
(A=550 nm) and combined with a reversible pH switching mechanism to exercise fine
control over the photo reactivity.5° The platform was used to synthesize a fibroblast-laden
hydrogel with high cell viability (>80%) and pH-responsiveness, which conceivably could
be applicable to dental adhesives.

Reaction With Heterocyclic Compounds—This approach involves the addition of
heterocyclic compounds (such as oxolane and oxetane) in the polymeric network to
generate stable free radicals to mediate the autorepair of the damaged area.1® Heterocyclic
compounds are ring-containing molecules composed of at least 2 different types of atoms.
The activation energy required to open a 4- or 5-membered heterocyclic compound is

low and results in the formation of stable free radicals®6 and has been successfully used

to mediate the re-formation of urethane and ether linkages at room temperature under

UV irradiation.56:87 Urethanes and ethers are already broadly used in dentistry, and this
type of chemistry could be easily incorporated but might require, for example, on-demand
repairing procedures mediated by UV irradiation chair side. Although not practical for direct
restorations, this could potentially alleviate cracks induced during finishing and polishing
procedures in indirect restorations.

Noncovalent (or supramolecular chemistry)

This intrinsic self-healing strategy relies in the reformation of noncovalent transient bonds in
a reversible and dynamic process.®8 The energy required to disrupt noncovalent, secondary
intermolecular bonds (or supramolecular interactions) is from 0.5 through 40 kJ/mol, much
lower that in covalent bonds—345 kJ/mol®8-:69 and easily achieved during load application.
Similarly, these bonds are easily re-formed, depending on the proximity and dynamics of
the the individual polymer chains to enable mobility of the supramolecular groups and the
time required for the bond re-formation.8 There are at least 5 noncovalent intermolecular
interactions to carry out the network repair:
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Hydrogen Bonding—This is an intermolecular bonding interaction between the
antibonding molecular orbital of a hydrogen atom and the lone pair of electrons of a strongly
electronegative atom such as nitrogen, oxygen, or fluorine.”® Hydrogen bonds (H bonds) are
the strongest type of noncovalent intermolecular forces. In general, the self-healing dynamic
is triggered by the presence of a certain percentage of the mobile phase, and no additional
stimulus is required (Figure 4A).1> The main disadvantage of this strategy is the fact that in
the presence of moisture, there is competition for the formation of bonds with the molecules
of water or even intramolecular H bonds,® which can potentially inhibit the self-healing
potential. Bisphenol A-glycidyl methacrylate (BisGMA) and urethane dimethacrylate are
dental examples of monomer molecules with strong hydrogen bonding potential, with much
evidence for toughening in composites,’? although their influence on potential repairability
remains unexplored.

-1t stacking (or aromatic-aromatic interaction)—This is an attractive force between
the 7t electrons of 2 aromatic rings. An offset stack is formed due to the alignment of

1 ring with positive electrostatic potential (r electron deficient) with another ring with
negative electrostatic potential (r electron rich) (Figure 4B).7° The Tg of these networks

is tuned by changing the spacers and adjusting the blend composition, which makes this
strategy more useful in temperatures between 50 and 100 °C.15 On stress induction, the

rt-me interactions are disrupted and re-formed through heating, which enables the endcapped
chains to disengage, flow, and restack.® These interactions can be present in dental networks
containing aromatic compounds (BisSGMA and ethoxylated bisphenol-A dimethacrylate,

for example), although the molecular range of motion in noncrystalline networks, such as

in composites, might make it challenging to harness any self-healing potential. However,
engineered prepolymers can be envisioned to be used as low-profile additives for network
reinforcement, including by the induction of controlled phase separation, where stress
relaxation can be achieved by differential moduli during microdomain formation.”2

lonic Interactions—This approach is based on the presence of ionic side groups and
their corresponding counter-ions within the polymer backbone forming clusters that act

as physical crosslinking points and enable formation and re-formation of the network
architecture®68 (Figure 4C). With stimuli, the clusters are dissociated, and the heat
generated by friction during the disruption or from an external thermal source is responsible
for generating a local melt state, which leads to the fusion of the surfaces followed by there
shuffling of the ionic clusters.1®

Dynamic Metal-Ligand Coordination Bonds—This refers to the interaction between
lone pairs of electrons of small molecules (ligands) and metal ions to form stable

metal complexes (Figure 4D).”0 Depending on the match between the metal ion and

ligand substitutes, the noncovalent bond formed is be dynamically reversible and used in
self-repairing metallo-supramolecular polymeric networks.15 The coordination centers are
tunable with stimuli and can assume different configurations such as linear, highly branched,
star shaped, and dendritic.1® The reversibility of these networks is related to the dissociation
of the coordination bonds or formation and dissociation of ionic clusters triggered by
stimuli such as light, heat, presence of ions, and pH. This approach has been shown using
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mussel-inspired compounds, where the reversible metal-ligand coordination bonds between
catechol and iron3* provide intrinsic self-healing properties for the material.”3 In addition to
iron3*, catechol seems capable of forming complexes with other metals such as copper?*,
cobalt?*, nickel?*, and vanadium?3*.73

Host-Guest Interactions—This interaction relies on the selective inclusion of
complexation macrocyclic hosts that are able to interlock with smaller guest molecules by H
bonds, m-m interactions, van der Waals forces, charge-transfer, ion-dipole, and hydrophobic
interactions (Figure 4E).1574 Triggered by redox, solvent, temperature, photo-irradiation,
anions and cations, and pH stimuli, these interactions are dissociated and re-associated,
leading to stress dispersion and spontaneous repair of the damaged area.1> 747>

The central advantage of the supramolecular chemistry strategy to impart repairability in
thermosetting polymeric networks is the possibility of ad aeternum healing events. In
addition, some of the supramolecular dynamics do not depend on external stimuli, which
confers the desired autonomic component to these systems.”8 On the other hand, the weak
nature of these supramolecular interactions has to be critically considered to achieve a
balance between healing efficiency and mechanical properties of the host polymer. One
potential elegant solution is to design glasslike polymers with slower dissociation rates

(Kd < 1571, where Kd is the dissociation constant), which produces polymers with high
compression strength and the capability of fast, room temperature self-recovery.”” In a
2022 article, the dissociation rate of host-guest complexes was tuned by changing the
structure of the phenyl group of the second guest to increase its hydrophobic volume.”’
This modification significantly decreased the activation energy for the self-healing and
holds a great promise for biomaterial applications.”” Another interesting approach, which
combines covalent bond and supramolecular network-based strategies, is to incorporate low
Tg dynamic networks as additives or filler particle functionalizing agents and use catalysts
or stoichiometric imbalances to promote autonomic bond reprocess-ability.4041.78 As
already mentioned, this strategy has been used to incorporate thiourethane into dental resin
composite formulations with high toughness and intrinsic stress-relaxation mechanisms.#1
The dynamic and self-healing character of the thiourethane networks has been extensively
explored in other fields,”89 but specifically, in the case of BisGMA- and urethane
dimethacrylate—containing organic matrixes in dental composites, the thio-carbamate bonds
also improve hydrogen bonding, and because the low Tg, flexible oligomers are swollen by
the matrix, they may provide localized intermolecular reinforcement. This is especially true
for thiourethane-functionalized filler particles, since it is well know that stress concentration
is more marked at the filler particle-organic matrix interface,1® as mentioned above.

Conclusions

The original goal of this review was to focus on the strategies broadly used in industry and
other fields, which can potentially be applied to dental polymeric networks with autorepair
capabilities. However, the challenge in incorporating self-healing components into dental
materials is to ensure the level of mechanical integrity for function, which in general
means Tg higher than 100 °C,8182 flexural modulus higher than 70 MPa (International
Standards Organization 4049),83 and cytocompatibility in accordance with US Food and
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Drug Administration standards.84 In addition, polymeric materials for dental applications
should be physically and chemically stable in an aqueous environment under constant

pH oscillations and multiple enzymatic activities.8% Therefore, as shown in this review,
although a number of dynamic reversible chemistries are available, not all of them would be
amendable to dental application, at least not without substantial engineering effort.

In addition to the dental-related challenges, several conditions related to the self-healing
chemistries also need to be met. Namely, the triggering of the dynamics should be as
autonomous as possible, since one of the main motivations behind the development of
self-healing dental materials is to heal and inhibit the propagation of subcritical microcracks,
which are initiated in the material body by masticatory forces and thermal stress. The system
must also be stable in the oral environment, under quasi-constant mechanical loading, with
marked oscillations in pH and temperature, and in the presence of enzymes and water.
However, despite the challenges, there is a wide variety of strategies used in other fields
with tremendous translational potential for dental polymers, as shown in this review. In
addition, more recent approaches such as shape memory-assisted self-healing (SMASH)
have emerged as a promising alternative. In SMASH systems, physical and chemical healing
are synergistically combined to enable the host polymer with the intrinsic capability of
healing macroscopic cracks on a molecular scale.88 In short, the shape-memory properties
are manipulated to physically close the crack that is chemically healed. Although the need
for thermo or light activation to trigger the healing still poses an obstacle to autonomic
repairability in dental polymers, SMASH technology is an interesting approach and may be
tuned to allow for clinical translation.

Despite the challenges, the advances in the development of self-healing dental polymers
has been noticeable in the last 2 decades. The field is rife with opportunities inspired by
strategies used in a wide variety of other fields. Although creative adaptations are still
needed to make the systems compatible with dental applications and to allow for them
to be autonomously triggered, elegant chemistry strategies can be used to start a new
stimuli-responsive generation of dental polymers.
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Figure 1.
Schematic representation of chemical crosslinking covalent dynamic bonds by exchange

reactions: transesterification (Diels-Alder) (A); reversible addition-fragmentation chain
transfer reactions (B); disulfide bonds (C1), thiol-thiourethane (C2), thiol-thioester (C3),
and thiol-disulfide (C4); dynamic urea bonds (D); and siloxane exchange (E).
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Figure 2.

Schematic representation of chemical crosslinking covalent dynamic bonds by stable free
radical-mediated reshuffle: trithiocar-bonate reshuffling (A), allyl sulfide-thiol (B), and
alkoxyamine (C).
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Figure 3.
Schematic representation of chemical crosslinking covalent dynamic bonds by cycloaddition

reactions: Diels-Alder (DA) and retro-Diels-Alder (rDA) (A), [2 + 2] cycloaddition (B), and
[4 + 4] cycloaddition (C).
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Figure 4.
Chemical crosslinking noncovalent dynamic bonds (Supramolecular chemistry): hydrogen

bond (A), rt-m stacking (B), ionic interactions (C), metal-ligand coordination bonds (D), and
host-guest interactions (E).
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