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A B S T R A C T   

Objective: Dental resin composites have been the most popular materials for repairing tooth decay in recent years. 
However, secondary caries and bulk fracture are the major hurdles that affect the lifetime of dental resin 
composites. This current study synthesized a novel antimicrobial and self-healing dental resin containing 
nanoparticle-modified self-healing microcapsules to combat secondary caries and restoration fracture. 
Methods: Multifunctional dental resins containing 0–20% nanoparticle-modified self-healing microcapsules were 
prepared. The water contact angle, antimicrobial properties, mechanical properties, cell toxicity, and self-healing 
capability of the dental resins were tested. 
Results: A novel multifunctional dental resin was synthesized. When the microcapsule mass fraction was 10%, the 
resin presented a strong bacteriostasis rate (80.3%) and excellent self-healing efficiency (66.1%), while the 
hydrophilicity, mechanical properties, and cell toxicity were not affected. 
Significance: The novel antimicrobial self-healing dental resin is a promising candidate for use in clinical practice, 
which provides a simple and highly efficient strategy to combat secondary caries and restoration fracture. This 
novel dental resin also gives the inspiration to prolong the service life of dental restorations.   

1. Introduction 

Dental resin composites have been the most popular materials for 
repairing tooth decay owing to their better aesthetic property, simplicity 
of usage, and adequate mechanical durability [1–4]. However, cata-
strophic failure of resin restorations occasionally occurs because of 
microcrack and secondary caries [5,6]. Therefore, the short service life 
and potential health risks of resin materials are major drawbacks that 
limit their development [7]. Several techniques have been used in recent 
studies to extend the lifespan of dental composites, including lowering 
shrinkage stress and strain, raising fracture toughness, introducing 
self-healing capability and antimicrobial properties [7]. 

In the complex oral environment, dental resin composites degrade 
due to microcracks caused by thermal and mechanical fatigue [8,9]. 
Self-healing material is a type of smart material, which has the capa-
bility of automatically repairing the cracks and damage when a 

microcrack occurs, and its mechanisms of action include intrinsic, 
vascular, and microcapsule (MC)-based self-healing approaches 
[10–17]. Self-healing materials based on MCs are widely used and can 
be applied to textiles, cement-based materials, and dental resin mate-
rials, et al. [18–23]. A remedy to solve the issue of secondary caries is to 
develop antimicrobial dental composites [24–26]. Therefore, 
self-healing dental materials with antimicrobial properties have gradu-
ally attracted people’s attention [1,27,28]. 

Wu [29] et al. developed a multifunctional dental resin by combined 
use of poly urea-fromaldehyde (PUF)- triethylene glycol dimethacrylate 
(TEGDMA) MCs and nano-silica antimicrobial filler. This novel resin 
combines self-healing and antimicrobial capability. As for dental resin 
cement, the combined application of MCs and antimicrobial filler also 
demonstrated promising self-healing and antimicrobial capability [30]. 
Furthermore, an innovative dental resin material with the abilities of 
self-healing, antimicrobial, and remineralization was developed by Wu 
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[27] et al. PUF-TEGDMA MCs, dimethylaminohexadecyl methacrylate, 
and amorphous nanoscale calcium phosphate were added in this dental 
composite resin material. This method can also be applied to dental 
adhesive resin [31]. Chen [32] et al. synthesized a dental resin com-
posite containing self-healing PUF-TEGDMA MCs and protein-repellent 
2-methacryloyloxyethyl phosphorylcholine (MPC) to combat bulk frac-
ture and secondary caries. This method is a promising strategy to 
improve the longevity of resin composites. Ahangaran [33] et al. added 
poly (methyl methacrylate) (PMMA) MCs and silica nanoparticles into 
dental composites. The experimental results showed that the dental 
nanocomposite demonstrated excellent antimicrobial and self-healing 
capability. 

However, the construction of multifunctional dental materials re-
quires the addition of multiple functional substances. The operation is 
complicated, and excessive additives could alter the resin’s inherent 
qualities. On the other hand, the polymer substance used to create the 
MCs’ shell is typically fragile, and during processing, the MCs might 
break [34]. Various methods, such as preparing multilayered structured 
MC, increasing the thickness of the shell layer, and introducing inor-
ganic material into the shell, have been used to enhance MCs [35–37]. A 
sturdy capsule shell could avoid unnecessary MC loss during a 
self-healing resin’s preparation [38]. 

To solve the above problems, a novel nano-antibacterial inorganic 
filler (NIF)-modified multifunctional MC with antimicrobial and self- 
healing capability was first synthesized [38]. Long chain Quaternary 
ammonium salt (QAS) was attached to nano-silica to develop the NIFs. 
QAS, one of the immobilized antimicrobial agents, could kill the 
adhered bacteria directly by lysing the bacteria and exhibited long-term 
antimicrobial properties [24,25,39–47]. Meanwhile, the nano-silica 
could enhance the strength of MCs. These self-healing MCs have 
robust hybrid shells, strong bactericidal action against oral bacteria, 
great self-healing capability, low toxicity, and can disperse well in the 

dental resin [38]. The properties of these multifunctional MCs were 
characterized in our previous research [38]. The performance of this 
novel type of MC in a dental resin is awaiting continuous exploration. 

This work develops a novel dental resin containing these self-healing 
MCs with NIFs, and their hydrophilicity, antimicrobial properties, me-
chanical properties, cell toxicity, and self-healing capability were 
investigated to guide future practical clinical applications. Meanwhile, 
the optimum amount of MCs was first investigated to ensure that the 
resin has good antimicrobial and self-healing capability without 
compromising mechanical properties and cell toxicity. Different from 
previous studies, resin merely containing the novel MCs could achieve 
multiple functions. Moreover, this strategy could also apply to other 
dental materials like dental adhesive and luting cement. We expect this 
novel multifunctional resin could provide a possible method to combat 
secondary caries and restoration fracture and give the inspiration to 
prolong the service life of dental restorations. 

2. Materials and methods 

2.1. Materials 

Ammonium, benzoyl peroxide (BPO), bisphenol A glycidyl dime-
thacrylate (BisGMA), chloride, formaldehyde solution (37 w/v %), N, N- 
dihydroxyethyl-p-toluidine (DHEPT), urea, TEGDMA, phenyl bis (2,4,6- 
trimethyl benzoyl) phosphine oxide (BAPO), and resorcinol were ob-
tained from Macklin Biochemical Co., Ltd. Ethylene maleic anhydride 
was obtained from Sigma. 4% paraformaldehyde was obtained from 
Biosharp. Penicillin/streptomycin was obtained from EveryGreen. 
Human gingival fibroblasts (HGFs) were selected as experimental cells 
for cytotoxicity experiments and were provided by Shandong Key Lab-
oratory of Oral Tissue Regeneration. Fetal bovine serum was obtained 
from Gibco. Cell counting kit-8 (CCK-8) was obtained from Dojindo. 

Fig. 1. - Schematic diagram of the study.  
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Dimethyl sulfoxide (DMSO) was obtained from Solarbio. Dulbecco’s 
modified Eagle’s high glucose medium was obtained from HyClone. A 
viability/Cytotoxicity Kit for bacteria cells was obtained from APB 
Biosciences. Streptococcus mutans (S. mutans, ATCC 25175) were ob-
tained from Shandong Key Laboratory of Oral Tissue Regeneration. 
Brain heart infusion broth (BHI) was obtained from Hope bio- 
technology. All materials were of analytical grade and were applied 
without further purification. 

2.2. Preparation of multifunctional MC with NIFs 

The schematic diagram of the study was shown in Fig. 1. NIFs were 
prepared via a protocol similar to our previous study [38]. 1 wt% 
DHEPT was added to 30 mL of TEGDMA. Distilled water (50 mL) and 
ethylene maleic anhydride aqueous solution (2.5 wt%, 15 mL) were 
incorporated to a round bottom flask with a mechanical stirrer. Then, 
add urea (1.5 g), resorcinol (0.15 g), and ammonium chloride (0.15 g) 
into the flask while being heated in a water bath at 400 rpm. Adjusted 
pH to 3.5 and added TEGDMA-DHEPT liquid into the flask. Added 3.78 g 
formaldehyde solution and 0.378 g NIFs to the flask, and reacted at 55 ºC 
for 4 h. Distilled water was used to rinse and filter the MCs. Air dried 24 
h at room temperature to obtain white powdered MCs. 

2.3. Characterization of multifunctional MC with NIFs 

The formation process and size distribution of MCs were recorded by 
optical microscopy (Olympus IX73, Japan). The morphology of MCs was 
characterized by field emission scanning electron microscopy (FE-SEM) 
(Carl Zeiss G300, Germany). The roughness of MCs was characterized by 
an atomic force microscope (AFM) (Bruker Bioscope Resolve, Germany) 
of tapping mode. The Fourier transform infrared (FTIR) spectrometer 
(Bruker Optik, Germany) was used to obtain FTIR spectra of MCs via the 
KBr method. 

2.4. Preparation of the antimicrobial self-healing dental resin containing 
multifunctional MCs 

The resin was prepared from TEGDMA monomers and BisGMA at 1:1 
mass ratio, supplemented with 0.5 wt% BPO and 1 wt% BAPO. The 
dental resin containing 0 wt%, 5 wt%, 10 wt%, 15 wt%, and 20 wt% 
MCs (denoted as M0, M5, M10, M15, and M20, respectively) were pre-
pared, as shown in Table 1. The resin without MCs served as the negative 
control group. According to previous research and preliminary experi-
mental results, NIFs had strong antimicrobial properties, and the resin 
containing 10 wt% NIFs could achieve great antimicrobial properties. 
Therefore, a positive control group containing 10 wt% NIFs (denoted 
herein as N10) was also set up. The specimens were placed in the mold 
(the specific dimensions are indicated in the following experiments) and 
photo-cured on every side for 1 min. After curing, the sharp edges of the 
samples were smoothed with abrasive paper. Before antimicrobial and 
cytotoxicity testing, all samples were sterilized by ultraviolet (UV) 
irradiation 2 h per side. All samples for mechanical and self-healing 
testing were kept for 24 h at 37 ºC in distilled water. 

2.5. The water contact angle of the resin 

The multifunctional dental resin specimens of M0, M5, M10, M15, and 
M20 were prepared as resin discs (with diameter × thickness = 10 ×

3 mm). The contact angle analyzer (DSA100S) (Kruss, Germany) was 
used to characterize the water contact angle (WCA) by using a 2 μL of 
deionized water. The results were the average value obtained from six 
measurements at a test temperature of approximately 25 ºC. 

2.6. Bacterial growth on material surfaces 

S. mutans was cultured under anaerobic conditions at 37 ºC. Then, 
the optical density (OD) of S. mutans suspension was adjusted to 0.5 at 
600 nm. The resin specimens (with diameter × thickness = 10 × 3 mm) 
of the M0, M10, M20, and N10 groups, 2 mL sterile BHI broth, and twenty 
microliters of S. mutans suspension were placed in a 24-well plate. After 
incubation for 24 h, bacteria were collected by sonication and vortex 
mixing the resin disk in 2 mL BHI for 3 min. Serially diluted bacterial 
samples were distributed on BHI agar plates for a 24-hour incubation 
and quantified the number of CFU recovered (n = 3). The bacteriostasis 
rate (R) was calculated using Eq. (1): 

R (%) = [(Ncontrol − Ntest)/Ncontrol] × 100% (1) 

Ncontrol and Ntest indicate the number of colonies in the control and 
experimental groups. 

2.7. SEM observation 

2 mL BHI, 20 μL of S. mutans suspension, and resin specimens of the 
M0, M10, M20, and N10 groups were placed in a 24-well plate. After in-
cubation for 24 h, specimens were washed with PBS and fixed in 4% 
paraformaldehyde. Then, dried in a critical point drier (Leica EM, 
Switzerland) after being dehydrated with gradient ethanol. The samples 
were observed by SEM (Phenom Pro, The Netherlands) after gold 
sputtering. 

2.8. Live/dead bacterial staining 

Resin specimens were prepared as described in the SEM observation. 
Specimens were rinsed with sterile saline to remove loose bacteria after 
24 h incubation. A viability/Cytotoxicity Kit for bacteria cells was used 
to stain for live and dead bacteria following the manufacturer’s protocol. 
Fluorescent photographs of the samples were obtained by a fluorescence 
microscope (Leica D-35578, Germany). Live bacteria produced green 
fluorescence, and dead bacteria produced red color. 

2.9. Bacterial metabolic activity 

Resin specimens were prepared as described in the SEM observation. 
The bacterial suspensions from specimen surfaces were obtained and 
transferred to a 96-well plate. Added 20 μL CCK-8 to each well following 
the instructions of manufacturer. Evaluated the absorbance at 450 nm 
wavelength after incubation in the dark for 2 h. A higher absorbance 
value indicated a higher bacterial metabolic activity. 

2.10. Flexural testing 

The flexural strength (S) and elastic modulus (E) were analyzed by a 
universal testing machine (UTM) (Suns UTM4203, China) in three-point 
flexure following a previous study [38]. The resin bars (with width (b) 
× thickness (h) × length= 2 mm × 2 mm × 25 mm) of M0, M5, M10, 
M15, and M20 groups were fractured while being wet (n = 6). The results 
were calculated using Materials Test 4.0 software by Eq. (2) and Eq. (3): 

S = 3PmaxL
/
(2bh2) (2) 

Table 1 
MCs and NIFs wt% in the self-healing dental resin.  

Groups Microcapsules (wt%) NIFs (wt%) 

M0 0 0 
M5 5 0 
M10 10 0 
M15 15 0 
M20 20 0 
N10 0 10  
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Fig. 2. Characteristics of MCs. (a) Illustration of the multifunctional MC. (b) Photograph of MCs. (c) The formation process of MCs under optical microscopy. (d-f) 
SEM images of the MC. (g) The size distribution of MCs. (h) 3D AFM image of MC. (i) Height analyses among three straight lines in AFM surface topography image 
of MC. 
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E = (P
/

d)(L3/[4bh3]) (3) 

Pmax, L, P, and d indicate the load-at-failure, span, load, and slope. 

2.11. Cytotoxicity testing 

Fibroblast culture medium (FM) containing penicillin/streptomycin 
(1%), fetal bovine serum (10%), and dulbecco’s modified Eagle’s high 
glucose medium (89%) were prepared. After UV irradiation, six M10 
resin disks (with diameter × thickness = 8 × 0.5 mm) were immersed in 
10 mL FM. Obtained resin eluents after 24 h at 37 ºC and diluted to 32-, 
64-, and 128-fold. HGFs (5000 cells/well) were infused onto a 96-well 
plate. After being cultivated at 37 ºC for 24 h in an incubator with 5% 
CO2, HGFs were treated with diluted resin eluents for 24 h. Set up a 
negative control group containing FM merely and a positive control 
group with 5% DMSO and FM. CCK-8 was used to evaluate the cell 
cytotoxicity following the manufacturers’ instructions. Evaluated the 
absorbance at 450 nm wavelength using Eq. (4). Cell morphology was 
obtained using an optical microscope. The Relative proliferation rate 
(RPR) was calculated using Eq. (4): 

RPR (%) = [(ODa − OD0)/(ODcon − OD0)] × 100% (4)  

Where ODa, ODcon, and OD0 represent the absorbance of experiment 
groups, the negative control group, and the blank groups without cells. 

2.12. Self-healing capability testing 

M10 dental resin was selected for self-healing capability testing. In 
the preliminary experiment, the M10 group not only had strong anti-
microbial properties but also showed no significant differences from the 
M0 group in mechanical properties. Following previous studies [38], six 
resin bars (2 mm × 2 mm × 25 mm) were prepared to measure the 
fracture toughness. The resin bar was machined with a notch (500 µm 
depth) using a diamond blade. The notch was then further deepened 
with a razor blade, to a total depth of around 700–800 µm. The original 
KIC (noted as KIC-virgin) was measured using UTM (span = 10 mm, 
crosshead speed = 0.5 mm/min) via the single edge V-notched beam 
method. Then, the fractured specimens were put back into the mold 
right away and kept in an incubator (37 ºC). After 24 h, the same 
three-point fixture was used to test the healed specimens and obtained 
KIC-healed using Eq. (5). Fractured surfaces were observed using FE-SEM 
(JSM-7800 F, JOEL, Japan). The Self-healing efficiency (η) was calcu-
lated using Eq. (5): 

η = (KIC− healed
/

KIC− virgin) × 100% (5)  

2.13. Statistical analysis 

The statistical analysis was performed via the GraphPad Prism pro-
gram. Mean ± SD was used to express the experiment’s average values. 
The differences between multiple groups were analyzed using one-way 
analysis of variance or student’s t-test. 

3. Results 

3.1. Characterization 

Fig. 2a illustrated the structure of MCs. The gross appearances in 
Fig. 2b showed MCs were obtained as white powders. Fig. 2c illustrated 
the formation process of MCs under optical microscopy. Representative 
SEM images (Fig. 2d-f) demonstrated the typical spherical form of the 
MCs, with the deposition of NIFs and PUF nanoparticles on the shells. 
The diameter of MCs was 39.2 ± 21.5 µm and the size distribution was 
shown in Fig. 2 g The 3D AFM image of MC was shown in Fig. 2 h. Fig. 2i 
showed the AFM surface topography image and height analyses of MC, 

and the value of the root-mean-square roughness (Rq) was 117 nm. Due 
to the deposition of NIFs, the MC surface exhibited moderate 
undulations. 

The FTIR spectra of pure TEGDMA, the MC shell, and the multi-
functional MCs were shown in Fig. 3a. In the FTIR spectrum of TEGDMA, 
the O-H stretching vibration appeared at 3416 cm－1. The peaks of 2867 
and 2956 cm－1 indicated the C-H stretching vibration. Signal peaks that 
appeared at 1721, 1663, and 1169 cm－1 represented C––O, C––C, and 
C-O stretching vibration. For the MC shell, the N-H stretching vibration 
appeared at 1553 and 3416 cm－1. The peaks of 1663 cm－1 represented 
C––O stretching vibration. 

Fig. 3b showed the results of WCA of M0, M5, M10, M15, and M20 
groups. As the amount of MCs increased, the WCA of resin increased 
progressively. The WCA of M0, M5 and M10 is 78.2 ± 2.0º, 72.2 ± 4.5º 
and 68.0 ± 8.2º. There were no discernible differences between the M0, 
M5, and M10 groups. When the content of MCs increased to 15 wt%, the 
WCA of resin significantly decreased. The WCA of M15 and M20 were 
47.5 ± 8.0º and 44.0 ± 6.6º. 

3.2. Bacterial growth on material surfaces 

The antimicrobial properties of M0, M10, M20, and N10 resins were 
shown in Fig. 4. The photographs of the culture plates were shown in 
Fig. 4a. The white dots on the plates represented surviving bacterial 
colonies. Compared with M0, the bacterial growth in other groups were 

Fig. 3. The FTIR spectra of MCs and the WCA results of resin. (a)The FTIR 
spectra of pure TEGDMA, the PUF shell, and multifunctional MCs. (b) The WCA 
results of multifunctional resin. (Error bars stands for mean ± SD.*: p-value <
0.05, **: p-value < 0.01, ***: p-value < 0.001, and ****: p-value < 0.0001). 
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significantly suppressed (P-value < 0.05) (Fig. 4b). M0 had the highest 
CFU value of 3.9 × 108. As the content of MCs increased, the antimi-
crobial activity increased, from 7.7 × 107 CFU (M10) to 6.2 × 107 CFU 
(M20). The positive control group showed the lowest CFU value of 
2.5 × 107 CFU (N10). The bacteriostasis rate of M0, M10, M20, and N10 
resins were 0%, 80.3%, 84.2% and 93.7%, respectively (Fig. 4c). N10 
showed the strongest antimicrobial properties. 

SEM images revealed the morphology of S. mutans in different groups 
(Fig. 4d). The green color represents the live bacteria, and the red color 
represents the dead bacterial. In the control group, significant S. mutans 
with normal morphology aggregated on the surface of M0 resin. As the 

content of MCs increased, the number of S. mutans gradually decreased, 
and the number of dead bacteria gradually increased. As indicated by 
the red color, the cell membranes of dead bacteria were destroyed, 
showing a pit-like shape, and the lysed cells lost their standard shapes. 
High-magnification SEM images of bacteria and diagrams of intact and 
ruptured bacteria were shown in Fig. 4e. 

3.3. Live/dead bacteria staining 

Fig. 5a showed the fluorescence microscopy images of different 
groups. The results confirmed the poor antimicrobial properties of M0 

Fig. 4. Antimicrobial results. (a) Photographs of agar culture plates after culture with M0, M10, M20, and N10. (b) The number of bacterial colonies in different groups 
according to the CFU count. (c) Bacteriostasis rate of different groups. (d) Representative SEM images of S. mutans on M0, M10, M20, and N10 surfaces. (e) The high 
magnification SEM images of bacteria and diagrams of intact and ruptured bacteria. (Error bars stands for mean ± SD.*: p-value < 0.05, **: p-value < 0.01, ***: p- 
value < 0.001, and ****: p-value < 0.0001). 
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with lots of live bacteria covering the resin surface. In contrast, the 
experimental group (M10, M20) had more red fluorescence, indicating 
strong antimicrobial properties. Some cells both stained green and red 
color indicated the bacterial cells were disrupted or lysed. N10 group 

showed the lowest green fluorescence and best antimicrobial properties. 
These results were also consistent with the results of the above experi-
ments. Fig. 5b depicted the schematic diagram of the co-culture of 
bacteria and resin specimens. 

Fig. 5. Fluorescence images and metabolic activity of S. mutans. (a) Fluorescence images of M0, M10, M20, and N10. (b) Schematic diagram of a co-culture of bacteria 
with resin specimen. (c) Metabolic activity in biofilms on resin surfaces. (Error bars stands for mean ± SD.*: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001, 
and ****: p-value < 0.0001). 
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3.4. Bacterial metabolic activity 

Fig. 5c showed the bacterial metabolic activity data on the surfaces 
of specimens. The experimental results showed that the metabolic ac-
tivity of bacteria decreased with an increase in the added amount of 
MCs. The addition of antimicrobial agents significantly affected the 
S. mutans’ metabolic activity (p-value < 0.05). M0 showed the highest 
absorbance values, indicating the most outstanding levels of bacterial 
metabolic activity. The positive control group (N10) showed the lowest 
absorbance values and exhibited the most potent antimicrobial prop-
erties. These results were consistent with previous results. 

3.5. Flexural testing 

Fig. 6a showed the results of flexural strength of M0, M5, M10, M15, 
and M20 groups: 56.0 ± 5.3 MPa, 52.2 ± 8.4 MPa, 49.1 ± 6.6 MPa, 
34.9 ± 12.5 MPa, and 33.5 ± 8.0 MPa. Fig. 6b showed the results of 
elastic modulus of M0, M5, M10, M15, and M20 groups: 1065.1 
± 158.5 MPa, 1035.6 ± 127.6 MPa, 977.9 ± 82.0 MPa, 742.3 
± 154.4 MPa, and 540.9 ± 88.1 MPa. The results of M5 and M10 were 
not significantly different from M0 (p-value > 0.1). However, the cor-
responding values were significantly lower in M15 and M20 compared 
with M0 (p-value <0.05). 

3.6. In vitro cytotoxicity of resin 

As shown in Fig. 6c, the RGR of the three experimental groups 
exceeded 100%. Compared to the control group, all experimental groups 
showed similar RGR, indicating that the multifunctional resins had no 
obvious cytotoxicity on HGFs cells. However, the cell morphology of 
experiment groups displayed the same long fusiform shape as the control 
group, presenting well cell viability (Fig. 6d). The cells in the positive 
control group lost their characteristic shape (Fig. 6d) and displayed high 
levels of cell toxicity. 

3.7. Self-healing capability testing 

The self-healing properties of the resin were evaluated by the single 
edge V-notched beam method. Fig. 7a schematically illustrates the self- 
healing principle of the resin. The yellow dots represent the catalyst, the 
blue parts represent the self-healing monomer, and the black circles 
represent MCs. The yellow color in SEM image represents the resin 
matrix, and the blue color represents the MCs. Fig. 7bc displayed a 

representative fracture surface of M0 and M10. In M0 group (Fig. 7b), the 
SEM image of the fracture of the neat resin was smooth and mirror-like. 
No self-healing MCs have been added to the M0 group. In the M10 group 
(Fig. 7c), intact MCs, pores containing irregular MC and polymer films 
and layers were observed. Fig. 7d showed the two fractured halves of 
M10 specimens that were successfully bonded together after 24 h. Fig. 7e 
showed the self-healing efficiency of M0 (0%) and M10 (66.1%). 

4. Discussion 

The present study first synthesized a novel type of dental resin 
containing MCs with NIFs, which exhibited strong antimicrobial and 
self-healing capability, and investigated the optimal content of MCs. 
Under optical microscopy, the core material was successfully encapsu-
lated by the shell material, forming a spherical MC structure, and the 
thickness of the shell increased along with time [5,33]. The synthesized 
MCs were white powdery substances. Under the electron microscope, 
the MCs were completely spherical, and the surface was moderately 
undulating. The roughness of the MC surface was critical for forming 
mechanical interlock [5]. When cracks appeared, this interlocking be-
tween the resin and MC interface facilitated the rupture of the MCs. The 
spectra of MCs both exhibited the distinctive peaks of TEGDMA (core 
materials) and PUF (shell materials), indicating the TEGDMA was suc-
cessfully encapsulated in MCs [33,38,48]. 

The wettability of the surface of the resin material can affect the 
actual effect when applied in a dental environment. The outcomes 
showed that the resin’s hydrophilicity was improved by the addition of 
MCs. As the amount of MCs increased, the WCA of resin increased 
progressively. When the mass fraction of MCs was less than 10%, there 
was no statistically significant difference in resin surface hydrophilicity 
with and without MCs. However, when the mass fraction of MCs reached 
15% and above, the hydrophilicity of the resin surface was significantly 
improved. The rough surface of MCs could improve their hydrophilicity. 
The increase in hydrophilicity was beneficial to improve the contact 
interface between resin and dentin tissue [49–51]. 

S. mutans was used to evaluate the antimicrobial properties of the 
multifunctional resin[52,53]. This novel dental resin prevented 
S. mutans from growing on its surface, and the antimicrobial properties 
of the resin was enhanced with the addition of MCs. SEM observation, 
live/dead staining, and bacterial metabolic activity provided insights 
into the number and viability of bacteria on the resin surfaces [28]. An 
intact bacterial biofilm formed on the resin surface in the control group 
without MCs. The bacteria were numerous in number, active, and 

Fig. 6. Mechanical properties and cell toxicity results. (a) Flexural strength of resins. (b) Elastic modulus of resins. (c) Cell viabilities of different groups. (d) Cell 
morphology of different groups. (Error bars stands for mean ± SD.*: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001, and ****: p-value < 0.0001). 
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morphologically intact. With the addition of MCs, biofilm formation on 
the resin surface was inhibited, the number of bacteria was decreased, 
the activity was decreased, and more bacteria lost their membrane 
integrity. NIFs resin significantly decreased the amount of bacteria in the 
positive control group, and there were particularly few bacteria with 
intact morphology. These groups responded well to the trend of 
increasing antimicrobial effect with increasing concentration of MCs. 
These manifestations were consistent with the bactericidal mechanism 
of QAS. When bacteria contacted the antimicrobial resin surface, the 
negatively charged bacteria were in contact with the positively charged 
quaternary amine nitrogen of QAS and disturbed the electrical balance 
of the membrane. Then, the change in osmotic pressure may rupture the 
bacterium[54]. Otherwise, long-chain QAS could penetrate bacterial 
cells, disrupting cell membranes like a needle piercing a balloon. Once 

the cell membrane was destroyed, the intracellular components of 
bacteria leaked out [54–56]. 

The flexural strength test could predict material behavior under 
chewing loads [5,55,57]. The MCs could be uniformly distributed in the 
resin matrix when the content of MCs is low. However, the high content 
of MCs seriously affected the dispersion of microcapsules and caused 
large defects inside the resin. On the other hand, adding MCs with liquid 
cores to the resin material was equivalent to introducing a weak part 
therein [58], especially at the interface between the resin matrix and MC 
shell [59]. The three-point bending test results showed that adding MCs 
up to 15% decreased the mechanical properties of the resin. As a result, 
the content of MCs in dental resin had an impact on its mechanical 
characteristics. It is still necessary to discuss and explore novel ap-
proaches to accomplish the coexistence of a high self-healing rate with 

Fig. 7. Self-healing capability. (a) Illustration of the self-healing principle. (b) Representative SEM images of M0 fractured planes. (c) Representative SEM images of 
M10 fractured planes. White arrows represent polymer films after self-healing. (d) Photograph of M10 resin after self-healing. The green arrow indicates the original 
fracture. (e) Self-healing efficiency of M0 and M10. (Error bars stands for mean ± SD.*: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001, and ****: p-value 
< 0.0001). 
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high mechanical qualities. 
For dental materials, biocompatibility is an essential condition for 

oral applications. To simulate the oral saliva flow of patients with 
decreased and normal saliva, the resin eluents were diluted to 32, 64, 
and 128 times [5]. The results of RGR and the cell morphology of 
experiment groups were similar to control group, demonstrating low cell 
toxicity and good application prospects. 

The SEM image of the fracture of the neat resin was smooth and 
mirror-like, which was typical of a cleavage-like brittle fracture. No self- 
healing MCs have been added to the M0 group, so the self-healing effi-
ciency is 0. In contrast, the resins in M10 group showed great self-healing 
efficiency and the ruptured resin bar were successful rebonded. The 
damaged event causes crack formation. When microcracks occur and 
pierce the MCs, TEGDMA flows to the cracks through capillary action. 
Moreover, the comparatively low viscosity of the healing liquid 
TEGDMA enables flows and fills the cracks. Through the use of a tertiary 
amine accelerator and a peroxide initiator, TEGDMA can form polymer 
through free-radical initiation; thus, bonding the crack together [38,60]. 
In SEM image, the healed fracture surface showed numerous layers and 
polymer films (white arrows), indicating that the M10 resin could pro-
vide a sufficient healing liquid to heal the fractured plane, rebonded, 
and realized the ideal self-healing efficiency [33,54,61,62]. The ideal 
self-healing efficiency may be related to the increased roughness and 
strength of the shell of MCs. The rough surfaces facilitated mechanical 
interlock and promoted MCs rupture. Meanwhile, the sturdy shell 
reduced the loss of MCs during preparation. 

An insufficient dosage of MCs leads to lower self-healing efficiency. 
However, superabundant MCs could also lead to poor mechanical 
properties. In addition, some intact MCs did not break at the cracked 
interface, and the self-healing effect was not exerted. In future research, 
the number of unruptured MCs should be reduced by various methods, 
such as strengthening the connection between the MCs and matrix and 
adjusting the mechanical strength of the MC walls to be optimal for 
rupture. 

The multifunction dental resin has excellent potential to extend the 
dental restoration’s lifetime and combat secondary caries and restora-
tion fracture in a relatively simple method. Different from traditional 
MCs, nanoparticle-modified MCs have coarse shells and antimicrobial 
properties. Resin merely containing the multifunctional MCs could 
achieve strong antimicrobial properties, excellent self-healing capa-
bility, and low cell toxicity. Therefore, the development of the novel 
multifunctional resin provides a possible method to prolong the service 
life of dental resins. 

5. Conclusions 

In summary, a novel multifunctional dental resin was first synthe-
sized. This dental resin contained self-healing MCs with NIFs, which 
strengthen the shells of MCs and endow them with antimicrobial prop-
erties. When the MC mass fraction was 10%, the dental resin exhibited 
good antimicrobial properties, low cell toxicity, excellent self-healing 
capability, and hydrophilicity and mechanical properties were not 
affected. This novel dental resin could deal with the clinical challenges 
of secondary caries and bulk fracture, showing a promising clinical 
application prospect in extending the service life of resin restorations. 
However, the resin will endure continuous pressure from the masti-
cating action in a complex oral environment, and further research must 
be done to determine how the MCs alter the dynamic mechanical 
properties of the dental resin. 
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