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Abstract

The purpose of this project is to design and develop a clinically applicable self-healing dental 

composite (SHDC). The value of resin-based dental restorations could be improved by increasing 

their service lives. One way to improve longevity is to obturate micro-cracks that form during or 

after the composite hardens in the dental cavity. Toward this end, we introduce here a new type of 

SHDC made with contemporary dental components plus two additional ingredients: a healing 

powder (HP, strongtium fluoroaluminosilicate particles) and a healing liquid (HL, aqueous 

solutions of polyacrylic acids) that is enclosed within silica microcapsules. As micro-cracks 

develop, they will break the microcapsules in their propagation path, thereby releasing HL. This 

liquid will then react with particles of HP exposed by the crack formation, forming an insoluble 

reaction product that fills and seals the cracks. The key factors to achieve this self-healing of 

cracks are discussed. The elastic modulus of a SHDC appeared to be satisfactory. The healing 

process was confirmed by means of mechanical, morphological, and chemical methods. The 

SHDC restored micro-cracks without external intervention, thereby showing potential for 

increasing the service lives of dental restorations. Importantly, this SHDC contains only clinically-

tested, biocompatible materials, making it readily applicable.
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1. Introduction

Self-healing mechanisms are biomimetic models [1–6] of autonomic repair systems in living 

tissues that efficiently handle damage, for example, the healing of a broken bone. Inspired 

by natural biological systems, continuous efforts are being made to mimic natural materials 

and integrate self-healing capabilities into polymers and polymer composites. Self-healing 

has become one of the most desired properties in material development since the first 

autonomous crack-repair material was synthesized [7–14] by groups at University of Illinois 

at Urbana-Champaign (UIUC). The progress has opened a new era of intelligent materials. 

[8, 15–17] Autonomic self-healing composites have shown significant enhancement in 

extending the service life of polymeric materials. [18, 19]

Dental resin composites play significant roles in a variety of dental applications, including, 

but not limited to, restorative materials, cements for single or multiple tooth prostheses and 

orthodontic devices, inlays, onlays, cores and buildups, root canal posts, and provisional 

restorations. [20] Micro-cracking induced by thermal and mechanical fatigue is a long-

standing problem in dental resin composites. They are hard to detect, and almost impossible 

to repair manually. If left untreated, this fatal deterioration leads to catastrophic failure of 

restorations, and hence significantly shortens the duration of their service lives. [8] Progress 

was made to repair cracks in dental resins with use of the monomer-catalyst self-healing 

model, [21–23] but concerns were raised regarding the potential toxicity of the monomers 

and the price of the Grubbs catalyst. Also, polyurethane microcapsules are easily fractured 

when being mixed with silica particles due to the big contrast in their physical strengths.

Herein, we present our design and development of a new model of self-healing dental 

composites (SHDCs). This model will be achieved by combining the fracture-release-heal 

process in the UIUC self-healing model [8] with use of glass ionomer cements (GICs), 

dental restorative materials in current clinical use. [24–26] These two technologies are 

successful individually but have never been evaluated together. Therefore, we design to 

replace the potential toxic and expensive healing agents in the UIUC model with clinically 

acceptable GICs. Conventional dental composites [27, 28] generally comprise two key 

components: 1) dimethacrylate-based polymers to provide a resin network, 2) reinforcing 

filler particles treated with coupling agents to bind the resin to the particles. In contrast, the 

SHDCs have two additional components: (1) healing powder (HP): strontium 

fluoroaluminosilicate particldes, and (2) healing liquid (HL): aqueous solutions of 

polyacrylic acids encapsulated in silica microcapsules. The microcapsules will protect the 

HL from premature release during composite preparation. Upon cracking, the HL will be 

released from microcapsules and react with HP upon contact to form a reparative GIC 

within the crack. This material is a mixture of reacted polyacrylate salts and unreacted silica 

gel, and will become physically integrated with other fillers inside the composite matrix. 

Water is added to draw out HL into the crack, and also simulate hydration from the oral 
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environment. The three distinctive self-healing steps are illustrated in Figure 1: when a crack 

is forming, and water comes in (A), the microcapsule breaks and releases the HL (B), which 

then dissolves the HP and forms the GIC (C) that repairs the defect.

Based on this model, we formulated and prepared a series of SHDCs with different mass 

percentages of silica microcapsules containing HL. With use of these SHDCs, we 

demonstrated the autonomic crack repairing of SHDCs in simulated oral environments based 

on mechanical, chemical, and morphological evidences. In addition, the encapsulation of HL 

in silica microcapsules, the effects of microcapsule silanization in the self-healing process, 

and the mechanical performance of the SHDC in terms of elastic modulus and fracture 

toughness will be discussed.

2. Materials and Methods

Materials

The resin monomers 2-bis(4-(2-hydroxy-3-methacryloxypropoxy)phenyl)propane (Bis-

GMA) and hydroxyethyl-methacrylate (HEMA) were supplied by Esstech Inc (Essington, 

PA, USA). The glass ionomer cement powder and HL were purchased under the product 

name Riva Protect from SDI Ltd (Bayswater, VIC, Australia). All other reagents and 

solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without 

treatment.

Micro-encapsulation of HL

HL-containing microcapsules were prepared using a silica condensation method. [29, 30] A 

mixture of 4.0 mL SPAN 80 surfactant, 100 mL decahydronaphthalene, 4.0 mL milli-Q 

water, and 4.0 mL polyacrylic acid HL was prepared as the water/oil emulsion. A separate 

silica mixture containing 4.0 mL TEOS and 1 mL hydrochloric acid (2 M) was mixed 

separately. After 1 hour, the silica mixture was added dropwise into the water/oil emulsion, 

and the combined mixture was stirred at 400 RPM for 1 hour. After 1 hour, initial signs of 

precipitation was observed, and the stirring was continued with heating to 60 °C for 45 

minutes. The resulting precipitate was collected by filtration and washed 3 times with 

ethanol to remove excess SPAN 80 surfactant. The precipitate formed was confirmed by 

SEM to have microcapsule structure.

Characterization of microcapsules and encapsulation of HL

Microcapsules were observed on a stereo optical microscope (Leica MZ16, Leica 

Microsystems, Heerbrugg, Switzerland) and a SEM (JSM-5300, JEOL USA Inc., Peabody, 

MA, USA) after coating with gold using a Desk V HP (Denton Vacuum LLC., Moorestown, 

NJ, USA) sputter system. The FTIR measurements of microcapsules were carried out in the 

Nexus 670 FTIR spectrophotometer (Thermo Scientific, Madison, Wisconsin, USA). 

Microcapsules were crushed and mixed with KBr powder (3 mg AP25 in 300 mg KBr) and 

pressed into pellets. A total of 64 scans were collected from 650 cm−1 to 4000 cm−1 at 4 

cm−1 resolution. The wt % of water and HL within the microcapsules was measured using 

thermogravimetric analysis (Q500, TA Instruments, New Castle, DE, USA), with the 
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temperature raised step-wise to 150 °C for 1 h, 400 °C for 1 h, and 600 °C for 1 h under a 

nitrogen atmosphere, and then to 1000 °C under a normal atmosphere.

Silanization of the microcapsules

The microcapsules were surface treated with silanization to give them strong surface binding 

with the methacrylate resins used in the composite, to ensure that the microcapsules break 

successfully as the composite breaks. The microcapsules were added to a solution of 20 mL 

of hexane, 200 µL of 3-methacryloxypropyltrimethoxy silane and 20 µL of formic acid (88 

%), and stirred for 5 minutes. The microcapsules were recollected by filtration and washed 3 

times with hexane.

Construction of the SHDC

The B/H resin mixture used for the SHDC were made with Bis-GMA (49.5 %), HEMA 

(49.5 %), camphorquinone (0.5 %) and ethyl 4-(dimethylamino)benzoate (0.5 %). The 

composite was made by mixing the following material: B/H resin mixture (25 %), 70 % 

strontium fluoroaluminasilicate glass powders and 5 % silanized HL containing 

microcapsules. This material was mixed by a speed mixer (DAC 150 FVZ, FlackTek, 

Landrum, SC, USA) at 3500 RPM for 1 minute, and then hand mixed carefully. The mixing 

process was repeated for 3 times until the mixture becomes a uniformly mixed clay-like 

substance. The specimens were fitted into metal molds of the required dimensions, and 

photo-cured using a Triad 2000 Light-curing Unit (Dentsply, York, PA, USA) with a 

tungsten halogen light bulb (75 W and 120 V, 43 mW/cm2) for 2 min each from both open 

sides of the assembly. The hardened composite was then removed from the mold and 

polished by sandpaper until its surface become smooth. Variations in the material was done 

by increasing the wt % of microcapsules and reducing the wt % of the strontium 

fluoroaluminosilicate glass powders. The wt % of the resin was unchanged. All specimen 

used for elastic modulus and fracture toughness measurement were left for 24 hours after 

initial curing before mechanical testing.

Elastic modulus measurement

Elastic modulus was determined according to ISO4049: 2009. Five bars (2 mm × 2 mm × 25 

mm) of each composition were made following the SHDC construction method descripted 

above. Elastic modulus was measured using a Dynamic Mechanical Analysis (DMA Q800, 

TA Instruments, DE, USA) set with a loading rate of 1 N/min. The specimens were placed 

on a 3-point bending test device, which was constructed with 20 mm span distance between 

supports and ensuring an equally distributed load. The elastic modulus of each material was 

calculated according to ISO4049: 2009.

Characterization of healing based on mechanical, morphological and chemical evaluation

Mechanical evaluation was carried out through fracture toughness, which is determined 

according to ISO6872: 2014. Five bars (25 mm × 4 mm × 3 mm) of each composition were 

made following the SHDC construction method descripted above. The specimens were 

notched by sawing with an IsoMet Low Speed Saw (Buehler, Lake Bluff, IL, USA) fitted 

with NTI Flex Diamond Discs (NTI-Kahla GmbH, Kahla, Germany), and the notch was 
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sharpened using a razor blade polished with 3 µm diamond paste. Fracture toughness was 

assessed using an Instron 5500R Universal Testing Machine (Instron Corp., Canton, MA, 

USA) set with a loading speed of 0.5 mm/min. The specimens were placed on a 3-point 

bending test device, which was constructed with 20 mm span distance between supports and 

ensuring an equally distributed load. The specimen was loaded until critically fractured, and 

the load was immediately stopped to recover the specimen. A drop of water was added into 

the notch of the specimen, and the specimen was rested for 4 days. The process was then 

repeated to measure the peak load of the healed specimen. A Helios NanoLab 650 Dual 

Beam SEM/FIB (FEI Company, Hillsboro, Oregon, USA) with an X-Max 80 mm2 SDD-

EDS detector (Oxford Instruments, Abingdon, Oxfordshire, UK) was used to analyze the 

elemental composition of the fractured and healed surfaces.

Statistical analysis

The elastic modulus, fracture toughness, and size of microcapsules were analyzed using one-

way analysis of variance (ANOVA) with a 95 % confidence interval to indicate significant 

differences.

3. Results

3.1. Microencapsulation of healing liquid (HL)

The formation of silica microcapsules and encapsulation of HL (an aqueous solution of 

polyacid) was confirmed by scanning electron microscopy (SEM) and FTIR (Figure 2A). 

Microcapsules containing methylene blue (MB) aqueous solution were also prepared, and 

used as a control. The average diameter of the microcapsules was 29.46 µm ± 10.28 µm 

based on 200 microcapsules in twelve SEM images, with a thickness ranging from 4 – 8 µm; 

microcapsules that were over 100 µm in diameter with thickness of approximately 20 µm 

were also observed in the SEM images. FTIR spectra from HL-containing microcapsules 

indicated the presence of −COOH groups (Figure 2A) with an absorbance peak at 1730 

cm−1; FTIR spectra from the MB control microcapsules did not show this peak.

The mass fraction of polyacid in the encapsulated HL was determined by TGA (Figure 2B). 

The temperature program was divided into two region to separate water and other high-

temperature volatiles. Mass loss below 150 °C was treated as the result of water evaporation, 

and above 150 °C was the consequence of losing polyacids and other materials in the 

microcapsules. Water-containing microcapsules (HCl solutions were actually encapsulated) 

were used as a baseline to correct these non-polyacid vaporized and burned at high 

temperature. The water content in HL-containing microcapsules was 30.2 %. The mass 

change of HL-containing microcapsules at high temperature range was 11.1 %, and it was 

4.2 % for water-containing microcapsules in that range. Overall, the mass fraction of 

polyacid in HL-containing microcapsules was approximately 17 %.

3.2. Self-Healing dental composite (SHDC) construction

Silanization of microcapsules improved the efficiency of capsule fracture triggered by the 

cracks. An SEM image of the cross-section of a SHDC made with unsilanized 

microcapsules is shown in Figure 3A. Figure 3B shows the cross-section of a SHDC 

Huyang et al. Page 5

Mater Des. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



containing silanized microcapsules. In Figure 3A, the wall of a fractured microcapsule is 

distinctly separated from the resin matrix and fillers. The morphology of materials (dried 

HL) inside the microcapsule is different from the rest in the image. In Figure 3B, it is hard to 

distinguish the walls of silanized mircocapsules from the resin matrix and fillers. The 

existence of half-spheres suggests the presence of fractured microcapsules. When silane 

agents were applied, approximately 72 % of microcapsules at the fracture surface of 

composites were broken based on SEM image analyses. In contrast, when the microcapsules 

were not treated with the silane agent, about 15 % of the microcapsules were broken, and 

this only happened to super-large microcapsules, over 100 um in diameter (Figure 3A).

3.3. Elastic modulus

The mechanical tests in this study were all carried out 1 d after light irradiation, to be 

consistence with the methods previously used in our group. [31, 32] The elastic moduli of 

SHDCs with different mass percentages of microcapsules were assessed, and the results are 

shown in Figure 4. Composites that consisted of the same mass percentages of water-

containing microcapsules were used as controls, and their elastic moduli are also shown in 

Figure 4. Based on one-way ANOVA analysis, the SHDCs had the same moduli as that of 

their controls. Increasing the mass fraction of microcapsules slightly reduced the elastic 

modulus. Statistically, the elastic moduli of SHDCs with 2.5 wt % of microcapsules and 5.0 

wt % of microcapsules were the same. The elastic moduli of SHDCs with 10 wt % of 

microcapsules was significantly lower than the rest compositions (p < 0.05).

3.4 Fracture toughness and healing efficiency

The initial fracture toughness (KIC
ini) of SHDCs at different mass percentages of 

microcapsules and their fracture toughness after healing (KIC
heal) are listed Table 1. The 

controls were the same as those used for elastic modulus measurement. The fracture 

toughness was obtained using a single edge V-notched beam (SEVNB) method based on the 

peak load to fracture the specimens. The dimensions of specimens for SEVNB tests are 

listed in Figure 5A. An example of the notch and the fracture of a real specimen before and 

after fracture are shown in Figure 5B and Figure 5C, respectively.

The SEVNB method induced a controlled cracking in the specimen and, if the load on the 

specimen was precisely stopped, can critically fracture the specimen without severing it into 

two pieces. The initial fracture toughness (KIC
ini) was calculated according to Equation 1. 

Water was added into the notch, and the specimem was held together for four days. The 

specimen was fractured again using the same method, and the new fracture toughness 

(KIC
heal) was calculated. The healing efficiency is defined as the percentage of the new 

fracture toughness recovered in comparison with the original fracture toughness (KIC
heal / 

KIC
ini *100 %). A set of non-healing composites with the same mass percentage of water-

filled microcapsules were used as the controls.
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Equation 1. The equation for calculating fracture toughness KIc using a three-point 

fixture, where S0 = span, W = thickness, B = width, a = notch depth, Fmax = fracture 

load, and g = A0 + A1(a/W) + A2(a/W)2 + A3(a/W)3 + A4(a/W)4 + A5(a/W)5. The 

coefficients to calculate the polynomial g when S0/W = 5 are: A0 = 1.9109, A1 = 

−5.1552, A2 = 12.6880, A3 = −19.5736, A4 = 15.9377, A5 = −5.1454

The KIC
ini of SHDCs and the controls was the same when the same mass percentage of 

microcapsules was used. The KIC
ini did not change when up to 5 wt % of microcapsules 

were added. Further increase in the microcapsule loading decreased the KIC
ini. The KIC

ini 

values of SHDCs with 10 wt % of microcapsules were lower than those of the other 

compositions.

The SHDCs with 5 wt % and 10 wt % of microcapsules all showed healing capabilities 

while their controls did not. According to one-way ANOVA, the healing efficiency was 

statistically the same for SHDCs with these two mass percentages of microocapsules. The 

average healing efficiency was approximately 25 % (Table 1). As an example, Figure 6 lists 

the stress-strain curves of a 5 wt % SHDC and a control composite before and after healing. 

These two composites required the same load to fracture initially, and this intial load is 

recovered partially in SHDC, but not in the control.

3.5. Morphological and chemical observation of healing

The morphological and chemical changes after healing were confirmed by SEM equipped 

with Energy dispersive X-ray spectroscopy (EDS). A new material was formed on the cross 

section of the specimen after the healing process was completed. This material had a 

different appearance to the non-healed fracture surface of the SHDC under SEM (Figure7A 

and 7B). Based on our self-healing model, this new material was expected to be GIC, the 

reaction product of the strontium fluoroaluminosilicate particles (HP) and the HL. EDS 

confirmed the chemical transition from HP to GIC at the healed fracture surface. As the key 

elements in the formation of GIC, the elements Al, Si and Sr were identified and evaluated. 

In sections before healing (Figure7C and 7E), the Si content is higher than Al, while in the 

healed regions (Figure7D and 7F) the content of Al and Sr increased. Furthermore, the 

healed surface had an aluminum-silicon-strontium ratio of 0.96 : 1 : 0.41, matching that in 

GIC powder and GIC (Table 2).

4. Discussion

Encapsulation of the HL in microcapsules was one of the keys to successful SHDCs. Silica 

microcapsules were used because they had the elastic modulus matching the fillers in the 

dental composites, which prevented premature fracture during composite preparation. [33] 

In addition, the acidic and hydrophilic nature of the HL required an identical medium during 

encapsulation process. The encapsulation of HL was achieved by making a water/oil 

emulsion first, where the HL was in the aqueous phase. Tetraethyl orthosilicate (TEOS) and 

HCl were mixed. After the mixture (pH = 0.6 to 1) reached its stability, it was added to the 

emulsion. Upon contacting with water in low pH, TEOS went through a condensation 

reaction to form a silica network. This silica network surrounded the aqueous droplet and 

eventually formed spherical capsules, which captured the desired water-soluble reagents, 
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including HL, from the water/oil mixture. The size of the microcapsules was determined by 

stirring speed and surfactants used to make emulsions, and the rate of this encapsulation 

process was controlled through acidity (which catalyzes TEOS condensation) and 

temperature. [29, 30] With this process, we successfully encapsulated HLs and HCl 

solutions. The HL-containing microcapsules were used in SHDCs, and water-containing 

(HCl solutions) microcapsules were incorporated in the control composites.

Silanization was another key for successful SHDCs, which ensured the fracture of 

microcapsules in response to crack propagation and delivery of the HL. Silane agents 

provide significant improvement in the fracturing of microcapsules and the releasing of the 

HL.

Dental resin composites and GIC are two types of dental restorative materials. In addition, 

resin modified GIC (RM-GIC) and compomers (polyacid-modified composite) are also used 

in dental clinics. [34–36] The SHDC is designed to have the same basic structure as 

clinically tested dental composites. The resin monomers used in this composite were Bis-

GMA and HEMA; both of which are commonly used in dental composites. HEMA is also 

the most often used monomer in RM-GIC; [37, 38] this is due to its hydrophilicity, which 

allows the movement of water required by the GIC reaction. Under a more strict 

classification, the SHDC we developed is actually a compomer. [39, 40] The compomers 

contain a fluoride-releasing silicate that reacts with polyacids to release fluoride. In SHDCs, 

the polyacid is incorporated to form GIC, and achieves autonomous healing of cracks. 

Fluoride-release is not the primary aim of this study, although it is an important beneficial 

property for dental restorative materials [35, 36, 41] to prevent secondary caries.

The mechanical properties of the SHDCs make them suitable for use as dental restorative 

materials. The modulus and fracture toughness values in SHDCs are stronger than those in 

GICs and most of the RMGICs, and close to compomers and resin composites. The 

mechanical performance of the SHDC still needs to be improved, which could be achieved 

through, but not limited to, the following modifications: use of a tougher resin network, 

addition of nanoparticles, and optimization of the size of the microcapsules.

The addition of an excess of microcapsules, and especially the presence of super-large 

microcapsules, reduced the elastic modulus. The super-large microcapsules become “weak 

spots” that compromise the mechanical performance of the SHDCs. [33, 42, 43] This is 

consistent with the healing material developed using the monomer-catalyst model, [21] 

where the increase of microcapsule loading was a tradeoff of mechanical performance for 

improved healing.

In comparison with the SHDC, the controls had the same elastic modulus, and fracture 

toughness. For calculating healing efficiency, a method used in the UIUC models was 

adopted. [21, 44] This method involves stressing the sample with a load that induces internal 

fracturing, allowing it to rest for several days, and then measuring the new peak load after 

healing. Specimens that were V-notched did not break into two pieces at the peak load 

because the crack growth was stopped to keep the two halves slightly connected. This 

maintained the two pieces perfectly matched during the healing process. The crack was then 
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healed by adding water into the notch, allowing it to assist the diffusion of the HL, much 

like what would happen in the oral environment. After a period of four days, KIC
heal was 

determined. The maximum healing efficiency of one SHDC specimen reached up to 35 % 

when 10 wt % of microcapsules were used. The healing efficiency can be improved through 

optimizing the composition of the SHDC, including a more proficient HL delivery 

mechanism, a more effective reaction between HP and HL, better mechanical performance 

of the formed GIC (making the new GIC more difficult to fracture), and improved 

integration of GIC and resin matrix. [45–47]

Morphologic and chemical changes observed at the fracture surface also confirmed the 

reaction of HP and HL, and the formation of GIC. SEM-EDS revealed that the 

microcapsules were fractured; the HP disappeared; and a layer of new materials formed. 

This layer of material was similar to GIC, as designed, based on aluminum-silicon-strontium 

ratio determined by EDS. On a non-healed section of SHDC, the Al : Si ratio was 0.57 : 1, 

which had a higher Si element count than that in the HP, due to the addition of silica 

microcapsules in the SHDC. On a healed section with a layer of new materials, the Al : Si 

ratio was 0.96 : 1. The increased aluminum content was rationalized by the nature of the 

GIC reaction. The polyacid in HL reacted with the Lewis basic salts in the HP, dissolved the 

HP, and produced strontium and aluminum polyacrylates. These polyacrylates formed a new 

network and covered the fracture surface. In a healed section, more aluminum and strontium 

elemental signals were detected than those on the non-healed surface. The dissolving 

process of HP by HL produced physical interlocking between the new GIC and the resin 

network. This interlocking is important in repairing the cracks and increasing the service life 

of the composites.

All of the materials used in this SHDC model have been used as parts of dental restorative 

materials. They have been serving in dental clinics for several decades. [25, 27] To the best 

of our knowledge, this SHDC is the first successful self-healing dental composites that 

contained only clinically tested materials. Using the GIC liquid and powder as healing 

reagents heals cracks autonomously and completely replaces the potentially toxic monomers 

and pricy initiators, such as dicyclopentadiene and ruthenium catalysts. In addition, the great 

flexibility and clinical efficacy of GICs justify the utilization of SHDCs as medical devices. 

[48, 49] The GICs are biocompatible, inherently adhere to tooth structure, exhibit little or no 

shrinkage, and release F− to prevent and/or inhibit caries. [41, 50] Additional functionality 

of SHDCs can be achieved by adding other active components to the HL in the 

microcapsules or by mixing them with HP. Water based antimicrobial agents such as 

chlorhexidine (used in mouthwashes to reduce dental plaque and oral bacteria) [51] can be 

incorporated into microcapsules with the HL and provide instant protection against bacterial 

attack. Moreover, a portion of HP can be replaced with hydroxyapatite to improve tooth 

remineralization. [52, 53]

5. Conclusion

A self-healing dental composite (SHDC) model was developed and evaluated. The SHDCs 

contained HP and HL encapsulated in silica microcapsules, in addition to resin network and 

fillers. A set of GIC powder and GIC liquid was used as HP and HL, respectively. The keys 
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to achieve autonomous healing and prepare clinically applicable dental restorative 

composites, such as encapsulation of HL, microcapsule preparation and silanization, were 

discussed. The elastic modulus and fracture toughness of model SHDCs were evaluated, 

which supported the use of SHDCs as dental restorative materials. The success of crack 

healing was confirmed based on the recovery of fracture toughness of the SHDCs in terms 

of healing efficiency. Average healing efficiency of SHDCs reached up to 25 %, which 

confirmed an effective healing achieved in this SHDC. Combining the performance in 

elastic modulus and fracture toughness, the SHDCs with 5 wt % of microcapsules had the 

best overall performance against the other two compositions. In addition, morphological and 

chemical observation of the healed cracks supported the proposed 3-step healing procedure: 

fracture, deliver and heal. Furthermore, this model achieved autonomous healing of cracks 

with materials being used in dental clinics, which is an advantage to accelerate the 

technology transition from lab to dental clinics.
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Highlights

1. A self-healing dental resin composite (SHDC) is designed and developed.

2. The SHDC can response and heal micro-cracks autonomously.

3. A clinically applicable chemistry is used to achieve self-healing.
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Figure 1. 
Self-healing steps of SHDC. (A) A crack forms, and water comes in; (B) a microcapsule is 

broken due to crack propagation and HL is released; (C) the HL reacts with HP, and the 

product is GIC with ionic crosslinking network.
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Figure 2. 
Characterization of microcapsules. (A) FTIR spectra of the microcapsules, indicating the 

presence of polyacid in HL or methylene blue aqueous solutions; and (B) TGA of water-

containing microcapsules and HL-containing microcapsules
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Figure 3. 
SEM images of SHDC cross-sections. (A) A cross-section of SHDC with unsilanized 

microcapsules. The components of SHDC are labeled, and the arrows point to pits left by 

microcapsules; (B) a cross-section of SHDC with silanized microcapsules.
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Figure 4. 
Elastic moduli of SHDCs and control composites containing different mass percentages of 

microcapsule
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Figure 5. 
(A) A model of the SEVNB process indicates the required geometry for the V-notch: S0 = 

20 mm, W = 4 mm, and B = 3 mm; and the load is applied from the center of the bar. (B) A 

stereo microscope image shows the notched specimen before fracture, and (C) a stereo 

microscope image shows the same specimen after reached the fracture load.
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Figure 6. 
Stress-strain curves of a SHDC having 5 wt % of microcapsules before and after healing, in 

comparison to a control composed with the same mass fraction of water-containing 

microcapsules.
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Figure 7. 
SEM images of the (A) non-healed SHDC surface, and (B) the healed SHDC surface. SEM-

EDS images of (C) non-healed SHDC surface, and (D) the healed SHDC surface, artificially 

colored to match the signal count of Al and Sr; and the elemental analysis by EDS on 

sections of the (E) non-healed, and (F) healed regions of the SHDC.
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Table 1

Fracture toughness and healing efficiency of SHDCs and control composites

wt % of
microcapsules

Material
encapsulated

KIC
ini

[MPa·m1/2]
KIC

heal

[MPa·m1/2]
healing efficiency

[%]

0 % No 0.92 ± 0.02 -- --

2.5 % Water 0.91 ± 0.07 0.07 ± 0.05 7.0 ± 6.0

2.5 % HL 0.90 ± 0.04 0.08 ± 0.02 9.1 ± 2.1

5 % Water 0.95 ± 0.04 0.11 ± 0.04 11.6 ± 3.4

5 % HL 0.91 ± 0.03 0.22 ± 0.03 24.2 ± 3.8

10 % Water 0.85 ± 0.11 0.08 ± 0.05 9.8 ± 6.5

10 % HL 0.82 ± 0.06 0.21 ± 0.06 25.4 ± 7.0
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