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a b s t r a c t

Bulk fracture and secondary caries are the two main problems causing failures and shortening the
lifetime of dental resinous restorations. This article reviews recent research on self-healing dental and
biomedical materials. This includes the development of self-healing dental resin composites and adhe-
sives, combining self-healing with calcium phosphate nanoparticles in the resins for tooth lesion
remineralization, and adding antibacterial monomer into self-healing resins to suppress oral biofilm
grows and acid production. Furthermore, since the oral environment experiences saliva and drinks, this
paper also reviews research on the self-healing of dental resins while being submerged in an aqueous
environment, and the effect of long-term water-aging time from 1 day to 6 months on the self-healing
capability. The new class of materials have demonstrated excellent self-healing efficacy in various ma-
terial systems including bonding agents, composites and cements. They could heal cracks, regain load-
bearing ability, inhibit oral pathogens, reduce or eliminate biofilm acids, raise biofilm pH to protect
the teeth, and regenerate lost tooth minerals. Furthermore, their effects were indicated to be durable and
long-lasting. While most of the recent publications on self-healing dental resins are from our group, this
article also reviews publications from other researchers. The novel class of dental materials with triple
benefits of self-healing, antibacterial and remineralization capabilities offer the much-needed im-
provements to address the two main reasons for restoration failures: fracture and secondary caries. They
are expected to have potential for a wide range of dental and biomedical applications to overcome the
current challenges and prolong the restoration life.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Tooth decay occurs frequently causing a significant financial
burden worldwide, especially with an aging population and in-
creases in tooth retention rates in seniors [1,2]. Resin composites
are often used to restore tooth cavities due to their tooth-color
esthetics [3e5]. However, a major drawback is that nearly half of
all restorations fail in less than 10 years, and fracture has been
identified as one of the main reasons for failure, especially with
large-sized restorations in load-bearing locations [6,7]. Indeed,
more than 25% of all composite failures and replacements were due
to reasons related to fractures [8]. For example, in large cavities,
even after only 5 years of use, restoration fracture was identified as
the primary reason for failure [9]. The mouth is a challenging
environment, and the composite restoration experiences repeated
mastication forces and thermal stresses, which can cause micro-
crack initiation and accumulation, leading to composite fracture
[10,11]. Previous studies have contributed to the development of
improved composites with enhanced resistance to crack formation.
These studies made significant progress in improving the inorganic
filler level, decreasing the filler particle size to the nanoscale
[12,13], incorporating strengtheners such as whiskers and fibers
[14,15], changing the polymer chemistry and enhancing the poly-
merization reactions [16,17] and fabricating low-shrinkage com-
posites [18,19]. Nonetheless, fracture and failure are still frequent
occurrences, warranting further research and improvements.

A novel approach is the development of self-healing dental
resins with the potential of autonomically repair cracks and dam-
age, thereby recovering the stress-bearing capability [20e23]. This
self-healing method involves the embedding of microcapsules into
the resin matrix, with each microcapsule having an external shell
that encapsulates a healing liquid [24,25]. When damage or
microcrack occurs in the resin matrix, the microcapsules would be
ruptured by the crack to release the healing liquid. The healing
liquid then flows into the crack planes, thus exposing itself to the
catalyst in the resin. This in turn causes self-healing to occur, with
the polymerization of the healing liquid filling the crack and
bonding the cracked planes together to form a cohesive resin to
regain the load-bearing ability [26e28].

This review article focuses on cutting-edge research on self-
healing dental and biomedical materials. While much of the
recent research on self-healing dental resins has been reported by
our group, this article also covers publications by other groups. This
includes the synthesis and properties of self-healing dental resin
composites and adhesives, the combination of self-healing capa-
bility with calcium phosphate nanoparticles for remineralization of
tooth lesions, and the incorporation of antibacterial agents into the
self-healing dental resins to inhibit dental plaque growth, and
reduce biofilm acid production and dental caries. These materials
possess therapeutic properties, which in this article refer to the
properties on the inhibition of bacteria and biofilm growth, the
suppression of acid production, calcium phosphate
remineralization, and healing of fractures. In addition, because the
mouth is an aqueous environment exposed to saliva and beverage
drinks, this article also reviews recent developments on the self-
healing of dental resins while being immersed in an aqueous
environment, and the effect of long-term water-aging time from 1
day to 6 months on the self-healing efficacy.

2. Self-healing polymeric materials and biomaterials

Pioneering research on self-healing polymers containing mi-
crocapsules was reported byWhite et al. [29,30]. The healing agent
dicyclopentadiene (DCPD) was encapsulated in poly(urea-
formaldehyde) (PUF) shell by in situ polymerization in an oil-in-
water emulsion, as showed in Fig. 1A. The microcapsule di-
ameters ranged from approximately 10 to 1000 mm. These micro-
capsules were added into an epoxy matrix. The Grubb's catalyst, a
transition metal carbine complex, was used in the epoxy matrix to
trigger the polymerization of the released DCPD. Themicrocapsules
exhibited a good rupture manner to release the healing agent, as
showed in Fig.1B. Fractography of the healed and fractured surfaces
revealed irregular polymer films of the released healing agent of
DCPD supporting the self-healing mechanism, which was showed
in Fig. 1C. This approach achieved a healing efficiency of 75%,
defined as the fracture toughness KIC of the healed polymer divided
by the KIC of the original virgin polymer. Several other studies re-
ported microcapsules of various shell and healing liquid composi-
tions. Yuan et al. [31] fabricated poly(melamine-formaldehyde)
(PMF) capsules containing diglycidyl tetrahydro-o-phthalate (DTP,
a low viscosity and high-activity epoxy monomer) and polythiol (a
highly active low-temperature hardener for epoxy materials). The
epoxy composites containing the microcapsules showed autono-
mous restoration capabilities even after exposure at 250 �C for 24 h
[31] and proving that these microcapsules could be successfully
employed for self-healing thermosetting polymers (cured epoxy)
and thermoplastic polymers [32]. A further improvement was
achieved when Blaiszik et al. [33] combined ultrasonication and in
situ encapsulation techniques to generate nano-scale capsules with
a mean diameter of 220 nm. The development of nanocapsules
could allow for the incorporation of healing functionality in com-
posites with smaller interstitial spaces, with potential applications
in self-healing thin films, coatings, and adhesives which require
smaller capsules. An epoxy matrix with well-dispersed nano-
capsules showed a nearly 59% increase in fracture toughness for a
capsule volume fraction of 1.5%, compared to that with 0% capsules.
Fracture surface examination revealed that nearly all of the cap-
sules were successfully ruptured during fracture. However, the self-
healing efficacy was not reported. Further research is needed to
solve the problem of low healing agent content arising from the
capsule size reduction.

In addition to dental resins, the self-healing concept was also
extending to biomaterials such as bone cements [34e38]. There are
on average 200,000 total hip replacements and 400,000 knee



Fig. 1. SEM image of microcapsules and self-healing in an epoxy polymer. (A) Microcapsules were prepared via in situ polymerization. (B) SEM image showed the fracture plane of a
self-healing material with a ruptured PUF microcapsule in a polymer matrix. (C) SEM image showed one area of the fracture plane of a healed specimen in which the poly (DCPD)
film was still attached to the interface. (D) SEM image of healed fracture surface after healing at 37 �C in the environmental chamber at 40% relative humidity: immersion in the SBF
(Reproduced with permission from Ref. [29], Elsevier, 2001, and Ref. [38], Wiley, 2014).
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replacement surgeries performed each year in the U.S., and the
patients typically undergo revision surgeries about every 10 years,
mainly due to dislocation and loosening of the initial prosthesis
from the bone [39,40]. As the fixation of total joint replacements,
the acrylic bone cement is challenged by long-term stability due to
the brittleness and poor wear resistance of the polymeric matrix in
the complex environment of the human body [41,42]. Hence,
developing biocompatible materials with self-healing ability to
autonomously repair mechanical and chemical damage is particu-
larly important. Biggs et al. [34] used the formulation of White
(PUF- DCPD microcapsules þ Grubb's catalyst) to create a self-
healing bone cement. Adding microcapsules into the commercial
poly (methyl methacrylate) (PMMA) bone cement increased the
crack resistance by 4e8 folds, compared to the unmodified
formulation. However, the toxicity and cost of the catalyst are still a
concern, discouraging the use of this self-healing chemistry in a
practical biomaterials application. Subsequently, a water-reactive
tissue adhesive 2-octyl cyanoacrylate (OCA) was successfully
microencapsulated in polyurethane (PUR) shells via interfacial
polymerization and incorporated into commercial Palacos R bone
cement by Brochu et al. [36,37]. Their results demonstrated that the
addition of a lower wt% of OCA-containing microcapsules into
commercial bone cement moderately increases the static me-
chanical properties without increasing the toxicity of the material.
In addition, Dailey et al. [38] developed a two-capsule self-healing
system based on free-radical polymerization for the biomaterials.
One capsule contained a peroxide initiator, while the other capsule
contained two acrylate monomers and a tertiary amine. The two
capsule system design made it easy to optimize the reaction com-
ponents. An epoxy matrix containing two-capsule self-healing
system achieved a high healing efficiency of 75% in air and 64% in a
simulated body fluid solution (SBF) environment. Fig. 1 D shows a
SEM image of the healed fracture surface after healing in SBF. The
irregular polymer films on the healed surface proved the healing
ability of this novel biomaterial. These novel self-healing systems
are promising for use in dental resins and acrylic-based orthopedic
cement applications, which require further studies.

3. Self-healing dental restorative materials

Dental resins play an increasingly important role in modern
dentistry, including restorative materials for direct restorations and
indirect restorations including inlays, onlays, crowns and bridges,
as well as adhesives and cements for single or multiple tooth
prostheses and orthodontic devices [1,3,4,43e46]. Microcracking
induced by thermal stress and fracture due to chewing forces in the
harsh oral environment is a long-standing problem impairing the
durability of resin composites [10,47]. Therefore, efforts have been
made to develop self-healing composites with improved resistance
to fracture failures.

Then et al. [48] produced melamine modified UF microcapsules
to enhance the properties of the microcapsules. Urea-melamine-
formaldehyde (UMF) polymers had a higher bond strength due to
its cross-linking ability [49]. Thus, UMF microcapsules had a
tougher shell and better adhesion to the host resin. These DCPD-
containing microcapsules were embedded in a dental composite
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matrix consisting of bisphenol-A-glycidyl dimethacrylate (BisGMA)
and triethylene-glycol dimethacrylate (TEGDMA). The incorpora-
tion of small amounts of the microcapsules did not affect the me-
chanical performance of the matrix as indicated by a flexural
strength test. Scanning electron microscopy (SEM) analysis indi-
cated excellent bonding of the microcapsules to the host material
which was important for maintaining strongmechanical properties
of the dental composite with self-healing ability [48]. Highly-filled
dental composites with automatic crack repair ability were
formulated by Wertzberger et al. [50]. The resin matrix contained
TEGDMA, urethane dimethacrylate (UDMA) and BisGMA, which
was filled with 55wt% silanated barium borosilicate glass particles.
The self-healing system consisted of encapsulated DCPD and
Grubbs’ catalyst. Self-healing specimens were loaded to failure and
left to sit for 7 days to determine the healing effect. Self-healing test
showed that this material had a 57% recovery of the original KIC. The
results demonstrated that despite the highly-filled nature, the
dental resin composites could recover mechanical properties by the
incorporation of embedded self-healing monomers.

Kafagy et al. [51,52] also synthesized UF microcapsules con-
taining monomer mixture of Tri-methyl Propane Ethoxylate Tri-
acrylate (TMPET), UDMA, Polyethylene glycol extended UDMA
(UDMA PEG), and BisGMA. These microcapsules were incorporated
into dental resin composites. The addition of 5wt% microcapsules
to the dental composite served to increase the virgin toughness by
40%, resulting in extending the fatigue life of dental composites.

Next, the use of a self-repair bonding resin to improve the
durability of dental adhesives was described by Ouyang et al. [53].
TEGDMA nanocapsules were synthesized via interfacial poly-
condensation in a mini-emulsion. The bond strength and biocom-
patibility of the dental adhesive were not negatively affected with
the incorporation of nanocapsules. However, these nanocapsules
contained no catalyst for polymerization, and the self-healing effect
on cracking in the adhesive was not reported [53].

More recently, a self-healing dental composite model was
developed and evaluated by Huyang et al. [54]. Glass ionomer
cement (GIC) powder of strontium fluoroaluminum inosilicate
particles and aqueous solution of polyacrylic acids were used as the
healing powder and healing liquid, respectively. The healing liquid
was encapsulated in silica microcapsules. Healing powder and the
microcapsules containing healing liquid were incorporated into a
resin to form the self-healing dental composite. As cracking, the
released healing liquid from the brokenmicrocapsules reactedwith
the healing powder exposed by the crack. This formed a reaction
product that filled and sealed the cracks. Their research showed
that the average healing efficiency reached 25% when 5wt% or
10wt% microcapsules were added into the composite. The
morphological and chemical changes after healing were confirmed
by SEM equipped with Energy dispersive X-ray spectroscopy (EDS).
They showed that a newmaterial was formed on the cross-sections
of the specimens after the healing process was completed. This
material had a different appearance from the non-healed fracture
surface (Fig. 2A and B). The new material was expected to be GIC,
which was the reaction product of the healing powder and the
healing liquid. The EDS examination confirmed the chemical tran-
sition from healing powder to GIC on the healed fracture surface. As
the key elements in the formation of GIC, the elements Al, Si and Sr
were identified. In the sections before healing (Fig. 2C and E), the Si
content was higher than Al, while in the healed regions (Fig. 2D and
F), the contents of Al and Sr were increased. All the images indi-
cated that the liquid reacted with the powder exposed by the crack
formation, thus forming an insoluble reaction product of GIC
that healed the crack. In addition, these microcapsules were func-
tionalized by silane coupling agent and bonded to the resin matrix
to improve the mechanical properties [55]. Regarding the fatigue
crack growth behavior, there was a significant increase in the
resistance to fatigue crack growth and an increase of 580% in the
fatigue life for this newmaterial [55]. Importantly, this self-healing
dental composite contained only clinically-tested, biocompatible
materials (the GIC powder and liquid were already being used in
dental clinics), making this new self-healing material readily
applicable for clinical use. However, the self-healing efficacy of the
composite needs to be further increased. In addition, since oral
biofilm acids and demineralization are key causes of failures for
dental composite restorations, it would be highly desirable for the
smart resin to not only have self-healing ability, but also possess
therapeutic properties including antibacterial and remineralization
capabilities.

4. Effects of microcapsule mass fraction in resin on self-
healing efficacy

To improve the self-healing efficacy, the microcapsule mass
fraction in dental resin on self-healing was investigated [56]. Even
though efforts were made to incorporate DCPD-containing micro-
capsules and Grubb's catalyst into a composite [48,50], literature
search revealed no further report on the use of DCPD and Grubb's
catalyst in dental materials, likely due to toxicity concerns. The
DCPD toxicity [57], Grubb's catalyst toxicity, and their high cost [58]
remain challenges in using them in dental composites. Recently, Wu
et al. [56] developed novel microcapsules containing polymerizable
TEGDMA and N,N-dihydroxyethyl -p-toluidine (DHEPT) for the first
time. TEGDMAmonomer is flowable and has been used in dentistry
for decades with acceptable biocompatibility. Furthermore,
TEGDMA can form a polymer via free-radical initiation by using a
peroxide initiator and a tertiary amine accelerator. A usual dental
tertiary amine accelerator DHEPT has good solubility and stability in
TEGDMA. Therefore, a self-healing liquid of DHEPT-TEGDMA was
used inside PUF microcapsules [56]. The microcapsules were pre-
pared by in situ polymerization of formaldehyde and urea, following
previous studies [30,59]. The characterization of these microcap-
sules was showed in Fig. 3. Fig. 3A showed a representative example
of a microcapsule. The microcapsules had an average diameter of
70± 24 mm (n¼ 200). Fig. 3B showed that the microcapsules had a
black ring outside and a relatively bright area inside, indicating that
the TEGDMA was successfully encapsulated by the PUF shell. The
SEM image in Fig. 3C showed the external surface of the micro-
capsules. Higher magnification in Fig. 3D revealed details of the
shell, showing numerous nanoparticles attaching to a smooth shell
surface to form a rough shell. Fig. 3E displayed the shell wall of a
microcapsule at a high magnification. The thickness of the shell was
estimated to be 230± 43 nm (mean± sd; n¼ 6). Fig. 3F shows the
crushed microcapsules with shell fragments and the released
healing agent between two glass slides, further demonstrating the
liquid filled-structure of the microcapsules. These microcapsules
were added into the dental resin of BisGMA and TEGDMA at
microcapsule mass fractions of 0%, 5%,10%,15% and 20%. Mechanical
test showed that the flexural strength and elastic modulus of resins
containing 0%e15% microcapsules were not significantly different
from each other (p> 0.1). However, themechanical properties of the
resin with 20% microcapsules were significantly lower than the
other groups. Hence, the optimal microcapsule mass fraction in this
system appeared to be 15% [56].

Previous studies assessed the healing ability of materials by
comparing the fracture toughness KIC of the material before and
after self-healing [60]. In several studies, a single edge V-notched
beam (SEVNB) method [61,62] was used to measure the KIC. In
Fig. 4A, the virgin KIC (before healing) and the healed KIC (after
healing) of the resin were plotted vs. microcapsule mass fraction.
Adding microcapsules into the resin increased the virgin KIC, which



Fig. 2. Characteristics of self-healing dental composites surfaces. SEM images of the (A) non-healed self-healing dental composites surface, and (B) the healed surface. SEM-EDS
images of (C) non-healed self-healing dental composites surface, and (D) the healed surface, artificially colored to match the signal count of Al and Sr. Elemental analysis by
EDS on sections of the (E) non-healed, and (F) healed regions of the self-healing dental composites. All the images proved that the healing liquid reacted with the healing powder
exposed by the crack, thereby forming an insoluble reaction product of GIC that healed the crack. (Reproduced with permission from Ref. [54], Elsevier, 2016).
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was about 40% higher at 15% microcapsules than that at 0% mi-
crocapsules (p< 0.05). The toughening mechanism appeared to be
crack-pinning and deflection caused by the microcapsules in the
resin [63]. To measure the healed KIC, the specimenwas completely
fractured and then the two halves were placed back into the mold
to allow self-healing to occur. Then the KIC of the healed specimens
was measured. The healed KIC significantly increased, from no
healing at 0% microcapsules to maximum healing at 10% and 15%
microcapsules (p< 0.05). As shown in Fig. 4B, a self-healing efficacy
of 64%e68% in KIC recovery was obtained when the microcapsule
concentration in the resinwas�10%. The high healing efficacy came
from the good rupturemanner of the embeddedmicrocapsules and
polymerization of the released healing liquid of TEGDMA-DHEPT
and BPO in the resin matrix. Most importantly, this study
employed common dental monomers (TEGDMA, DHEPT, and BPO)
for the healing liquid polymerization, making this method readily
applicable to a wide range of dental resinous systems. Therefore,
the novel self-healing dental resin containing microcapsules with
polymerizable TEGDMA-DHEPT liquid in PUF shells may be
promising for crack-inhibiting and self-healing dental restorations
to prolong the lifetime. Further study is needed to test its self-
healing ability in vivo.



Fig. 3. Microcapsules were prepared with polymerizable TEGDMA-DHEPT healing liquid inside PUF shells. (A) Photo showing a pile of microcapsules. (B) Transmitting optical image
showing the shell structure as a dark ring. (C) SEM image showing typical microcapsules. (D) High magnification SEM image of the shell surface, showing nanoparticle deposits on
an otherwise smooth shell surface. (E) High magnification SEM image indicating the shell thickness. (F) Optical image of crushed microcapsules showing the released healing liquid
films. (Reproduced with permission from Ref. [56], Elsevier, 2016).
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5. Dental composite with triple benefits of self-healing,
antibacterial and remineralization capabilities

Studies suggest that fracture was a frequent reason for com-
posite failure, while secondary caries was a common reason for
failure after five years of clinical service [9]. Indeed, bulk fracture
and secondary caries are the twomain problems [64]. Replacing the
failed restorations accounts for 50e70% of all restorations per-
formed [65],and replacement dentistry represents a significant
financial burden [66]. Therefore, it would be highly desirable to
develop a new composite with self-healing capability to heal cracks
in situ while also possessing a caries-inhibiting capability. Unfor-
tunately, the currently-available resin composites were shown to
accumulate more biofilms and plaque than other restorative ma-
terials [67,68]. Biofilms could produce acids, leading to dental caries
[69]. Therefore, it would be beneficial to incorporate antibacterial
agents into composites to inhibit bacteria and acid production.
Indeed, research efforts were devoted to develop quaternary
ammonium methacrylates (QAMs) to inhibit oral biofilms [70].
Imazato et al. invented 12-methacryloyloxydodecylpyridinium
bromide (MDPB), which was copolymerized in dental polymers to
achieve strong antibacterial activities [71,72]. In addition, meth-
acryloxylethylcetyl dimethyl ammonium chloride (DMAE-CB),
polyethylenimine nanoparticles, and several other novel composi-
tions were synthesized [73e76]. Recently, a new antibacterial
monomer dimethylaminododecyl methacrylate (DMAHDM) with
an alkyl chain length of 16 was synthesized and incorporated into
resins, showing a strong antibacterial effect [77]. Furthermore,
nanoparticles of amorphous calcium phosphate (NACP) were
incorporated into composites for remineralization of tooth lesions
[78].

Recently, a novel composite was developed with triple benefits
of self-healing, antibacterial and remineralization properties [79].
The composite contained PUF microcapsules with TEGDMA,



Fig. 4. Self-healing of resin containing microcapsules: (A) fracture toughness, and (B)
self-healing efficiency (mean ± sd; n¼ 6). 0% refers to resin containing 0% microcap-
sules, 5% refers to resin containing 5% microcapsules, and so on. In each plot, values
with dissimilar letters are significantly different from each other (p< 0.05). (Repro-
duced with permission from Ref. [56], Elsevier, 2016).
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antibacterial monomer of DMAHDM and remineralizing agent
NACP. DMAHDMwas added into the BisGMA-TEGDMA resin at 10%
bymass, following a previous study [80]. The resinmatrix was filled
with 20% NACP for Ca and P ion release and remineralization [78],
and 35% glass fillers for mechanical reinforcement. This resin
composite was then mixed with microcapsules at microcapsule
mass fractions of 0%, 2.5%, 5%, 7.5% and 10%. The flexural test
showed that there was no significant difference in strength and
elastic modulus among the groups withmicrocapsule mass fraction
from 0% to 7.5%. However, the mechanical properties at 10% mi-
crocapsules were significantly lower than the other groups. For KIC-

virgin, there was also no significant difference from 0% to 7.5% mi-
crocapsules, and further increasing the microcapsule mass fraction
to 10% reduced the KIC-virgin, from 1.16MPam1/2 at 0% to
0.91MPam1/2 at 10% microcapsules. The KIC-healed significantly
increased from no healing at 0% microcapsules to maximum heal-
ing at 7.5% and 10% microcapsules, due to the increasing micro-
capsule mass fraction. A KIC recovery of 65%e81% was achieved for
composites with microcapsule mass fractions at 7.5% and 10% mi-
crocapsules. The outstanding self-healing efficacy and recovery of
load-bearing capability benefited from the substantial in situ curing
of the reactive TEGDMA as triggered by free-radical initiation. The
released and polymerized healing liquids halted the crack propa-
gation, bonded the cracked planes together and healed the
specimen [79]. Therefore, remineralization agent (NACP) and
antibacterial agent (DMAHDM) could be incorporated into a self-
healing composite, while still achieving self-healing efficacy
similar to the reported values where remineralization fillers and
antibacterial monomers were not used.

This novel self-healing composite possessed a strong antibacte-
rial function, as shown in Fig. 5. Representative live/dead staining
images were shown in (A) control composite without DMAHDM,
and (B) composite containing 7.5% microcapsules and 3% DMAHDM
in the resin composite. Live bacteria were stained green, while dead
bacteria were stained red. The control composite had continuous
green coverage of live biofilm. The composite with DMAHDM
showed mostly red staining, indicating a strong antibacterial activ-
ity. The MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) assay results were plotted in (C), and the lactic acid pro-
duction by biofilms is plotted in (D). Biofilms on the control com-
posite had relatively high metabolic activity and acid production. In
contrast, biofilms on composites containing DMAHDM had much
lower metabolic activity and acid production. The metabolic activity
was about 1/25 that of the control, and the lactic acid production
was nearly 1/100 that of the control. The composites containing
DMAHDM, regardless of microcapsule mass fractions, reduced the
CFU of biofilms by 3e4 orders of magnitude, compared to control
composite without DMAHDM. This was achieved withmicrocapsule
mass fraction varying from 0 to 10%, indicating that microcapsule
incorporation did not significantly interfere with the antibacterial
effect. Regarding the antibacterial mechanism, the strong antibac-
terial property of DMAHDM came from the positively-charged
quaternary amine Nþ, which could attract the negatively-charged
cell membrane of the bacteria, disrupt the membrane and cause
cytoplasmic leakage [81,82]. It was suggested that long-chained
quaternary ammonium compounds could insert into bacterial
membranes like a needle, leading to disruption of the bacteria [83].

Besides the self-healing ability and antibacterial activity, the
composite had the third benefit of Ca and P ion release for remi-
neralization. The fact that Ca and P ion release could cause remi-
neralization of tooth lesions was demonstrated in previous studies
[78,84e86]. In addition, previous studies showed that the NACP
composite was “smart” and could increase the release of Ca and P
ions at a cariogenic low pH, when such ions would be most needed
to combat caries [78]. Furthermore, NACP was shown to be able to
neutralize acid challenges by increasing the pH from a cariogenic
lowpH to neutral pH to avoid tooth demineralization [84]. Indeed, a
NACP composite remineralized enamel lesions in vitro [85]and
inhibited caries formation in a human in situ study [86]. NACP
composites were shown to successfully remineralize enamel and
dentin lesions, regenerate the lost minerals and increase the
hardness back to normal, and inhibit secondary caries in vivo in
human participants [85e89]. Further study is still needed to
investigate the effects of the composite with triple benefits of self-
healing, antibacterial and remineralization properties under
clinically-relevant in vivo conditions.

6. Effects of water-aging on self-healing dental composite

Previous studies showed that self-healing composite containing
microcapsules exhibited good self-healing performance [56,79].
However, in these studies, the cured specimens were immersed in
water for only 1 day or not immersed at all before self-healing
testing [56,79]. Dental composites in the oral environment are
required to survive being wet for long periods of time to be suc-
cessful clinically. Previous studies on non-self-healing dental



Fig. 5. Dental plaque microcosm biofilm growth on composites. (A) and (B) Representative live/dead images of dental plaque microcosm biofilms on control composite and that
with DMAHDM, respectively. Live bacteria were stained green, and dead bacteria were stained red. Live and dead bacteria that were close to each other yielded yellow/orange
colors. (C) MTT metabolic activity, and (D) lactic acid production of biofilms (mean ± sd; n¼ 6). In each plot, values with dissimilar letters are significantly different from each other
(p< 0.05). (Reproduced with permission from Ref. [79], Elsevier, 2015)
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composites showed that the composites were weakened by long-
term water-aging, which could degrade the fillers [90], soften the
resin matrix due to the plasticizing action of water [91], and cause
hydrolytic breakdown of the interfaces between the fillers and the
resinmatrix [91,92]. It is not clear howwater-agingwould affect the
self-healing resin, the microcapsules and the encapsulated healing
liquid, thereby affecting the healing liquid polymerization with the
initiator in the matrix.

Recently, a novel self-healing dental composite containing PUF
microcapsules with TEGDMA and DHEPT healing liquid was
developed, and the effect of water-aging on the self-healing prop-
erties was investigated [93]. The basic formulation of resin com-
posite was 30% dental resin monomer and 70% glass fillers by mass.
The composite containing 7.5% microcapsules was immersed in
distilled water at 37 �C for 1 day, and 1, 2, 3 and 6 months for the
water-aging test [93]. Water-aging significantly decreased the KIC-

virgin from 1 day to 30 days. Further immersion from 30 days to 6
months showed little further decrease in KIC-virgin [91,92]. The KIC-

virgin of the composite after 6 months of water-aging was
0.72MPam1/2, within the reported KIC range for commercial dental
composite which were not water-aged and contained no micro-
capsules for self-healing [94]. KIC-healed showed a similar trend to
KIC-virgin. The healing efficiency varied between 60% and 70%, and
there was no significant loss in self-healing efficiency from 1 day to
6 months of water-aging.
In another study, Caruso et al. [95]tested solvent-based healing
systems aged in the air, showing that the healing efficiency
decreased quickly after one month of aging, and decreased to zero
after eightmonths due to the lack of residual functionality groups. In
contrast, in another study, long-term stability was achieved for self-
healing epoxy by Jin et al. [96],showing 68% healing efficiency after
aging for six months in ambient air. This was because the initiator
was maintained to be stable over that period of time [96]. Self-
healing efficiency of 64% was achieved after water-aging for 6
months in Wu's study [93], indicating a good self-healing durability
of this novel resin composite. This may be because that the
embedded microcapsules maintained an effective rupture during
cracking to release the healing liquid, and the initiator BPO in the
resin matrix did not leach out and was still able to trigger the
polymerization of the released healing agent. However, further
study is needed to investigate the self-healing of this promising
dental composite after longer periods of aging, such as several years.

Next, Wu et al. [93] investigated the novel resin composite self-
healing behavior in water. Specimens containing 7.5wt% micro-
capsules were fractured and self-healed while being immersed in
water for 24 h. In addition, specimens healed in humidor without
immersion in water served as control. Fig. 6 plots the self-healing
results. In (A), healing in water achieved the same KIC-healed and
the same self-healing efficiency compared to specimens without
immersion. In (B), a 60% recovery in fracture toughness was



Fig. 6. Self-healing while being immersed in water for composite containing 7.5%
microcapsules. (A) Virgin and healed fracture toughness, and (B) self-healing efficacy
(mean± sd; n¼ 6). Healed in humidor: specimens were water-aged for 1 day and then
fractured to measure KIC-virgin. They were then healed in a humidor in air for 1 day and
then re-fractured to measure KIC-healed. Healed in water: specimens were water-aged
for 1 day and then fractured to measure KIC-virgin. They were then healed while be-
ing immersed in water for 1 day and then re-fractured to measure KIC-healed. Values
with the same letter are similar (p> 0.1). (Reproduced with permission from Ref. [93],
Elsevier, 2016).

Fig. 7. Human dentin shear bond strength using extracted teeth (mean ± sd; n¼ 10).
Horizontal line indicates values that are not significantly different from each other
(p> 0.1). (Reproduced with permission from Ref. [113], Elsevier, 2018).
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achieved, indicating that immersion in water did not significantly
compromise the healing process. Regarding the mechanism, two
factors may have contributed to this result. First, the cured BisGMA-
TEGDMA matrix of the composite was relatively hydrophobic and
not very wettable [97], hence it would act to repel water. This
would likely make it difficult for water to infiltrate the crack in the
composite. Second, water did not block the self-healing polymeri-
zation [97], and the initiator-catalyst reaction occurred in the resin
because water was not penetrating into the chemical structure.
Even if there was water, it would not affect the polymerization.
Indeed, previous studies showed the presence of water to have
little appreciable effect on photo-polymerization rate or the degree
of double bond conversion [97,98], and the free-radical polymeri-
zation could occur completely in water [99]. Hence it was antici-
pated that this novel compositewould be effective in self-healing in
the wet oral environment and retain its self-healing ability after
water-aging treatments. Further studies are needed to test long-
term immersion in saliva on the self-healing properties [93].

7. Self-healing adhesive with antimicrobial and
remineralization properties

Polymeric composites are filled into tooth cavities and bonded
to tooth structures via bonding agents. The polymer-tooth bonded
margin is the “weak link” of the restoration [100]. Secondary caries
at the bonded tooth-composite margins is one of the primary
reasons for restoration failures [100e102]. Therefore, rendering the
adhesive polymer antibacterial would be beneficial to inhibit bac-
teria and combat caries at themargins [103]. Antimicrobial bonding
agents were developed by incorporating QAMs including DMAE-CB
and MDPB [74,104], quaternary ammonium polyethylenimine (PEI)
nanoparticles [105], and nano-silver [106]. In addition, DMAHDM
showed a potent anti-biofilm activity in dental adhesive [107,108].
Furthermore, adhesives containing NACP could remineralize tooth
lesions and neutralize acids [109,110].

At the restoration-tooth bonded interface, the bond longevity is
mainly affected by the microcracks at the margins induced by
polymerization shrinkage, cyclic loading, and thermal and me-
chanical fatigue [111]. Since the microcracks could result in micro-
leakage and bacteria invasion [112], it would be highly desirable to
develop an adhesive having autonomous crack-healing ability to
self-heal these microcracks, as well as antibacterial functions.
Recently, an adhesive resin with triple benefits of autonomous
crack-healing, antimicrobial and remineralizing capabilities was
demonstrated by Yue et al. [113]. The experimental primer con-
tained pyromellitic glycerol dimethacrylate (PMGDM) and 2-
hydroxyethyl methacrylate (HEMA). The experimental adhesive
consisted of BisGMA and TEGDMA, with 7.5% microcapsule, 10%
DMAHDM and 20% NACP. Scotchbond Multi-Purpose primer and
adhesive (SBMP) served as a commercial control. The dentin shear
bond test results were shown in Fig. 7 [113], showing that incor-
poration of self-healing microcapsule, DMAHDM and NACP at the
designated percentages did not negatively affect the dentin bond
strength.

A SEVNB method was used to calculate the KIC and self-healing
efficiency. The KIC-virgin of adhesive slightly decreased from
0.68MPam1/2 to 0.57MPam1/2 after incorporation of microcap-
sule, DMAHDM and NACP. However, the values were still within
the reported range of 0.37e0.94 MPam1/2 for dentin bonding
resins [114], and 0.30 to 1.4 MPam1/2 for resin-based luting
cements [115]. The crack-healing efficiency for
Resin þ Microcapsule þ DMAHDM þ NACP was 67%, and that for
Resin þ Microcapsule was 69%. All other groups without micro-
capsules had no self-healing. The healing efficacy of 67% was
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consistent with previous reports on other self-healing materials
without antibacterial and remineralization properties [50,56]. An
oral plaque microcosm biofilm model was used to determine the
antibacterial properties of the self-healing bonding agent.
Resin þMicrocapsule þ DMAHDM þ NACP and Resin þ DMAHDM
reduced the biofilm CFU by 4 orders of magnitude, compared to
that without DMAHDM. The biofilm lactic acid production was
reduced to 1% that without DMAHDM. These results demonstrated
the potent antimicrobial activity of the self-healing bonding agent,
which would be highly beneficial in reducing secondary caries at
the margins. Further studies are needed to evaluate the effects of
this new adhesive in protecting the interfacial bond and
autonomous-healing of cracks, as well as in reducing biofilm acids
and recurrent caries at the margins in vivo.

8. Self-healing dental luting cement for indirect restorations

Besides composites and bonding agents, dental luting cements
also play an important role in modern dentistry to attach indirect
restorations including inlays, crowns and bridges to the prepared
teeth [116]. Success of indirect restorative procedures depends
partly on the cementation technique. Although clinical perfor-
mance has been improved, dental cements still have relatively poor
physical properties compared to bulk restorative filling materials,
and cements are relatively prone to fractures [117,118]. At the
restoration-tooth cemented interfaces or margins, the bond
longevity is mainly affected by microcracks induced by polymeri-
zation shrinkage, repetitive dynamic mechanical loading, water
sorption and thermal fatigue [119e121]. These microcracks could
coalesce under cyclic stresses and eventually cause cement frac-
ture, which is a main reason for the failure of cemented restorations
[115,122]. Therefore, extensive efforts have been undertaken to
improve the properties of dental luting agents to increase the
clinical service life. These efforts included modifying the chemical
compositions [123e125] and optimizing the physical and handling
properties [126,127]. However, there have been few reports on
inhibiting microcrack propagation to protect the integrity of the
cements.

Recently, the first self-healing dental luting cement was devel-
oped by Wu et al. [128]. A cement film thickness of approximately
50 mm is typically advised by clinicians tomaintain the properties of
the cement and the support for the restorations [129]. In previous
studies, microcapsules of a diameter of 70 mm were developed for
use in self-healing resins for direct restorations and adhesives
[56,79,113]. However, the 70 mm microcapsule size is too large use
in cements with film layer thickness of about 50 mm for indirect
restorations. Therefore, in Wu's recent study [128], smaller micro-
capsules of a mean diameter of 24 mmwere generated by increasing
the agitation rate via an emulsion polymerization technique.
Different mass fractions of 0%, 2.5%, 5%, 7.5% and 10% microcapsules
were added into an experimental luting cement containing an
acidic functional adhesive monomer 4-methacryloyloxyethyl tri-
mellitic anhydride (4-META). A commercial cement of Clearfil™ SA
containing 10-Methacryloyloxydecyl dihydrogen phosphate (MDP)
was used as control. Dentin shear bond test was conducted and
there was no significant difference in bond strength with micro-
capsule mass fractions from 0% to 7.5%. However, the incorporation
of 10% microcapsules negatively affected the dentin bond strength.
Adding 10% microcapsules also significantly decreased the flexural
strength and elastic modulus of the cement. The results of KIC test
by the SEVNB method showed that there was no significant dif-
ference in KIC-virgin from 0% to 7.5% microcapsules. However, further
increasing the microcapsule mass fraction to 10% reduced the KIC-

virgin from 1.1MPam1/2 at 0% to 0.79MPam1/2 at 10%microcapsules.
KIC-healed was significantly increased from 0% to 10% microcapsules.
The higher KIC-healed deriving from higher microcapsule concen-
trations may be explained by more healing agent release, resulting
in re-bonding of the cracked planes. A KIC recovery of 68% and 77%
was obtained for cements with 7.5% and 10% microcapsules,
respectively, similar to previous studies using 70 mmmicrocapsules
at the same mass fractions [56,79,113]. These results indicate that
using smaller microcapsules could still achieve the same self-
healing efficacy as larger microcapsules, while enabling a finer
microstructure and thinner cement films.

Water sorption has a negative effect on the mechanical prop-
erties of cements [130]. The absorbed water works as a plasticizer
to cause the plasticization and hydrolytic degradation within the
cement matrix [131,132]. Furthermore, studies of long-term dura-
bility of dental cements showed that water-aging decreased the
cement mechanical properties and bond strength [133e135]. Wu
et al. [128] selected the self-healing cement containing 7.5% mi-
crocapsules for water-aging test for 6 months. The cured specimens
were immersed in distilled water at 37 �C for 1 day and 1, 2, 3 and 6
months. The results were plotted in Fig. 8. In (A), water-aging
significantly decreased the KIC-virgin from 1 day to 30 days. The
KIC-virgin of the cement after 30 days of water-aging was
0.71MPam1/2, representing a decrease of nearly 30% compared to 1
day. These results are similar to previous studies on water-aging
effects on mechanical properties of composite [90e92]. There
was no further decrease in KIC-virgin from 1 to 6 months. This was
likely because once the polymer network was saturated with water
and became slightly softened, the composite structure stabilized
and therewas no further reduction inmechanical properties within
the tested time frame [91]. In (B), there was no significant loss in
self-healing efficiency in water-aging from 1 day to 6 months. The
self-healing efficiency of 65% after 6 months of water-aging was
maintained, indicating that the self-healing system was not
significantly degraded by water-aging. The healing agent of
TEGDMA and the initiator of BPO in the surrounding matrix were
not leached out and lost over time, and the embedded microcap-
sules were stable and maintained a good rupture manner by cracks
after water-aging, thereby exerting a long-lasting self-healing ef-
fect. Therefore, it is anticipated that this new self-healing dental
luting cement could be effective for applications in cemented res-
torations to inhibit fracture, even after long-term immersion in an
aqueous environment. Self-healing smart materials represent a
new class of dental materials that show exciting potential for load-
bearing applications to heal cracks, resist fracture, and prolong
service life. Further studies are needed to investigate this new class
of self-healing materials for long-term crack healing and under
conditions simulating the oral environment.

9. Conclusions

This article reviewed recent research on the synthesis and char-
acterization of novel self-healing and bioactive dental resins. The
new class of self-healing dental materials have established excellent
self-healing efficacy in various material systems including resins,
bonding agents, composites and cements. These new materials
possess capabilities to heal crack, regain load-bearing ability, inhibit
oral bacterial pathogens, reduce or eliminate biofilm acids, raise
biofilm pH, and regenerate lost tooth minerals. Furthermore, their
effectswere indicated to bedurable and long-lasting. This novel class
of dental materials with triple benefits of self-healing, antibacterial
and remineralization capabilities offer the much-needed properties
to address the twomain reasons for restoration failures: fracture and
secondary caries. Therefore, these self-healing and therapeutic ma-
terials and their synthesismethods are promising for awide range of
dental and biomedical applications to overcome the primary failure
problems and prolong the restoration life.



Fig. 8. Effect of water-aging time on self-healing cement containing 7.5% micro-
capsules.(A) Virgin and healed fracture toughness, and (B) self-healing efficiency
(mean± sd; n¼ 6). Specimens were water-aged for 1 day to 6 months, and then
fractured to measure KIC-virgin. They were then healed in a humidor in air for 1 d and
then re-fractured to measure KIC-healed. In (A), values with dissimilar letters are
significantly different from each other (p< 0.05). In (B), all values are statistically
similar (p > 0.1). (Reproduced with permission from Ref. [128], Elsevier, 2017).
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