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Introduction: Poor interfacial bonding between the fibers and resin matrix in fiber-reinforced composites (FRCs) is a significant 
drawback of the composites. To enhance the mechanical properties of FRC, fibers were modified by depositing SiO2 nanofilms via the 
atomic layer deposition (ALD) technique. This study aims to evaluate the effect of ALD treatment of the fibers on the mechanical 
properties of the FRCs.
Methods: The quartz fibers were modified by depositing different cycles (50, 100, 200, and 400) of SiO2 nanofilms via the ALD 
technique and FRCs were proposed from the modified fibers. The morphologies, surface characterizations of nanofilms, mechanical 
properties, and cytocompatibility of FRCs were systematically investigated. Moreover, the shear bond strength (SBS) of FRCs to 
human enamel was also evaluated.
Results: The SEM and SE results showed that the ALD-deposited SiO2 nanofilms have good conformality and homogeneity. 
According to the results of FTIR and TGA, SiO2 nanofilms and quartz fiber surfaces had good chemical combinations. Three-point 
bending tests with FRCs showed that the deposited SiO2 nanofilms effectively improved FRCs’ strength and Group D underwent 100 
deposition cycles and had the highest flexural strength before and after aging. Furthermore, the strength of the FRCs demonstrated 
a crescendo-decrescendo tendency with SiO2 nanofilm thickness increasing. The SBS results also showed that Group D had out-
standing performance. Moreover, the results of cytotoxicity experiments such as cck8, LDH and Elisa, etc., showed that the FRCs have 
good cytocompatibility.
Conclusion: Changing the number of ALD reaction cycles affects the mechanical properties of FRCs, which may be related to the 
stress relaxation and fracture between SiO2 nanofilm layers and the built-up internal stresses in the nanofilms. Eventually, the SiO2 

nanofilms could enhance the FRCs’ mechanical properties and performance to enamel by improving the interfacial bonding strength, 
and have good cytocompatibility.
Keywords: atomic layer deposition, SiO2 nanofilms, surface modification, interfacial bonding

Introduction
Fiber-reinforced composite (FRC) is the most popular clinically used dental restorative material.1,2 It is commonly used 
for post-implant transitional restorations (crowns and bridges) and traumatic tooth fixation, as it meets patient functional 
and aesthetic requirements for dental restorations; moreover, it has the advantages of short chairside operation time, good 
patient experience, and less foreign body sensation.3 However, the rate of postoperative failure in clinical follow-up 
research remains considerably high.4,5 Ahmeda showed a Kaplan–Meier survival probability of 94.5% for FRC fixed 
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partial denture, follow up periods ranged between 2 months and 8 years. FRC fracture and dislodgement occurred 
significantly more than other types of failures.6 Stress concentration occurs at the enamel/FRC interface. The stress 
transmitted to the FRC can be relieved by initiation of a crack and its propagation through the FRC, eventually leading to 
detachment and fracture.7 Tacken et al showed that when the FRC was used as an orthodontic retainer, FRC dislodge-
ment and fracture remained the most common failure factors, accounting for 70% of all failures, after 24 months of 
follow-up.8

Therefore, it is crucial to enhance mechanical properties for improving the intraoral long-term service performance of 
FRC. As an organic/inorganic composite, the strength of the FRC depends not only on the strength of the fiber and resin 
complex but also on the strength of the interfacial bond between them. When the complex undergoes stress, a strong 
interface bond can effectively disperse stress and prevent crack propagation at the interface. The first structure to break 
down is the weakly bonded interface, which becomes the initiating point for composite failure, crack sprouting, and 
growth, ultimately leading to macroscopic material fracture and shed.9–11 Thus, modifications to increase the threshold 
for crack initiation and propagation within FRCs are essential. To improve the mechanical properties of organic/inorganic 
composite, it is crucial to increase the compatibility of the fiber–resin interface and enhance the chemical bond strength 
between them.

The FRC that is commonly used in clinical practice comprises quartz fibers and epoxy resin. Due to the high- 
temperature treatment and the encapsulation of various types of surface-wetting agents (mainly composed of organic 
substances) during the quartz fiber fabrication process, the number of reactive groups on the surface of quartz fibers is 
greatly reduced, which significantly reduces the reactivity of the fiber surface. Moreover, the quartz fibers and resin are 
not easily wettable due to the difference in modulus between them. This leads to insufficient interfacial bonding between 
the fibers and resin, and the mechanical properties of the complexes cannot fully meet the clinical requirements. 
Therefore, to obtain sufficient strength, the fibers are usually modified using physical (sandblasting, corona treatment, 
and plasma spraying) and chemical methods (silane coupling agent treatment, sol–gel treatment, and polymer grafting) to 
improve their surface affinity and wettability and obtain good interfacial bonding with resin.12–17 Bahramian et al 
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introducing functional groups on the surface of the fibers by corona discharge to improve FRCs’ mechanical properties 
due to formation of good interfacial bonding between the fibers and resin. However, it was found that high corona energy 
may leading to the deformation and/or rupture of the fibers, thereby decreasing fiber strength and affecting the strength of 
the composite.13 The surface coatings formed by sol–gel treatment and polymer grafting have problems such as 
inhomogeneous grafting and demanding reaction conditions. Wang et al prepared silica sol (SS) to modify the quartz 
fibres, the SEM showed inhomogeneous grafting on fiber surface, which may leading to poor bonding of the substrate 
material with resin.18–20 Since dental FRCs are usually subject to hundreds of thousands of loading cycles of the 
masticatory system during use, the ideal compound should undergo sufficient stiffness and toughness maintenance as 
well as possess long-term fatigue resistance and service performance in wet environments, in order to resist cyclic 
mechanical loading of tens of thousands of cycles in the oral cavity.21 Therefore, the fiber surface should be modified 
such that it does not reduce the strength of the substrate material; furthermore, the material surface should be filled with 
a sufficient amount of reactive groups, thereby completing the chemical reaction between the fiber and silane coupling 
agent to form a good interfacial bond between the fiber and resin.

The diameter of quartz fiber monofilaments is only 6–8 µm, and each fiber bundle usually consists of 1000–2000 
monofilaments; additionally, it is difficult to homogenize each quartz fiber surface using commonly used modification 
methods.22 The cardinal principle of ALD is to form a deposition film on the substrate by passing gas-phase precursors 
pulsed alternately into the reactor to adsorb and react chemically.23 Compared with other modification methods, such as 
sol-gel and vapor-phase hydrolysis, ALD has many advantages. First, it can significantly increase the number of active 
functional groups on the irregular surface via dense nanofilm deposition, which solves the problem of incomplete 
reaction due to irregular shapes.18,24 Second, the ALD temperature (150–300°C) is much lower than the high temperature 
involved in plasma spraying (2700–11,700°C), which does not damage the substrate but maintains its strength.25 Lastly, 
the ALD technique can be used to precisely control the thickness of the film at the nanometer level, and the deposited 
films are uniform and conformal.26 Therefore, this technique has become a focus of research by domestic and foreign 
scholars for enhancing the toughening of fibers, including organic fibers and natural silk proteins. Lee significantly 
improved the toughness of spider silk from 6 to 66 GPa by depositing TiO2 nanofilms on its surface using the ALD 
technique.27,28

Our previous study showed that SiO2 nanofilm deposition on the surface of ZrO2 using the ALD technique, with 
3-dimethylaminosilane (TDMAS) and O3 as precursors, can significantly increase the number of reactive groups on the 
surface of ZrO2, which enhances the reaction between the surface of ZrO2 and the silane coupling agent. This 
modification improves the bonding strength of the interface between ZrO2 and resin, which increases the aging resistance 
of the composite. Furthermore, our previous study showed that the fatigue resistance of the material would decrease if the 
SiO2 nanofilm became too thick.29 This may be related to factors such as thermal and internal stress between the 
nanofilms.30

However, due to the specific of chewing movement, most researches on FRC primarily focus on the detection of their 
inherent performance but fail to simulate the failure modes of FRC in the oral cavity. In order to simulate the failure 
mode in vitro, we use human extracted anterior teeth with FRC bonded to enamel to determine the SBS of FRC. 
Therefore, in the present study, we aimed to regulate the thickness of SiO2 nanofilms deposited on quartz fibers by 
varying the number of ALD deposition cycles, investigate the effects of different ALD deposition cycles on the short- 
and long-term mechanical properties of FRC, and evaluate their cytotoxicity.

The null hypotheses in this experimental study were as follows:

(1) The SiO2 nanofilms deposited on quartz fibers using the ALD technique do not significantly improve the FS and 
SBS to enamel of FRCs.

(2) Varying the thickness of the SiO2 nanofilms deposited using the ALD technique on the quartz fibers does not 
change the short- and long-term FS and SBS to enamel of FRCs.
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Materials and Methods
Materials
High-strength fiberglass (diameter: 11 mm, Sinoma Technology Co., Ltd, China), resin matrix including bisphenol A-glycidyl 
methacrylate (Bis-GMA, AR, Sigma-Aldrich, City of Saint Louis, USA) and Methyl methacrylate (MMA; AR, Shanghai 
Titan Chemical Co., Ltd, China), a photoinitiator system including camphorquinone (CQ, Shanghai Chemical Technology 
Co., Ltd, China) and dimethylaminoethyl methacrylate (DMAEMA; AR, Shanghai Titan Chemical Co., Ltd, China), HCl 
(AR, Liyang Dongfang Chemical Reagent Co., Ltd, China), and 3-(trimethoxysilyl)propyl methacrylate (KH570, AR, Sigma- 
Aldrich, USA) were used without purification, chemically curing methyl methacrylate resin (New Century Dental, China), 
single bond universal (3M, America), dulbecco’s modified eagle medium (DMEM, KeyGEN BioTECH, China), Cell 
Counting Kit-8 (CCK-8; Beyotime Biotechnology Co., Ltd., Shanghai, China), LDH Assay Kit (Beyotime Biotechnology 
Co., Ltd., Shanghai, China), DCFH-DA (MedChemExpress, State of New Jersey, USA), Mouse IL-6 ELISA kit (Beyotime 
Biotechnology Co., Ltd., Shanghai, China), 4% paraformaldehyde (Biosharp, Anhui, China), phalloidine (APExBIO, 
Houston, USA), 4’,6-diamidino-2-phenylindole (DAPI; APExBIO, Houston, USA).

Preparation of Materials
Removal of the Infiltrating Agent of Fiberglass
The fiber volume content in the FRC was 60%.31 Due to the horizontal arrangement of fibers in FRCs, the sum of fiber 
areas on the cross-section also accounts for 60%. The quartz fiber used in the experiment was 195 tex. Each quartz fiber 
bundle was made of 53 strands. Six original yarns formed a combined yarn, and six combined yarns formed a fiber 
bundle. The diameter of a single filament was 7.7 µm, implying that the yarn had 1908 (6 × 6 × 53) filaments. Using the 
formulas below to calculate the number of fiber bundles of each FRC.

In formula (1), S is for cross-section area of monofilament, and d is for diameter of monofilament. Formula (2) dervices 
from formula (1), where x is for the sum number of all monofilaments in an FRC specimen. The n in formula (3) is for 
the number of fiber bundles. Hence, 27 bundles of quartz fibers were required for the preparation of each fiber resin 
complex specimen.

To fabricate FRCs, the quartz fibers were grouped into 27 bundles each, and each group was 10 cm long. The fiber 
specimens were placed in a vacuum drying oven, dried at 100°C for 24 h, and then removed and heated in an acetone 
solution at 50°C for 5 h. The fiber specimens were removed and washed with deionized water three times, for 5 min per 
time. The washed fiber specimens were placed again in a vacuum drying oven and dried at 100°C for 24 h. Thereafter, 
the wetting agent was removed from the quartz fibers.

Deposition of SiO2 Nanofilms via ALD on the Fiberglass Surface
The fiber specimens with wetting agent removed were randomly divided into six groups (Table 1), and the specimens of 
groups C–F were placed in the reaction chamber of the ALD equipment (MNT-S100OZ-L3S1, Jiangsu Mainadeweina 
Technology Co., Ltd., China), for SiO2 nanofilm deposition. The ALD reaction process was performed according to 
Scheme 1. First, 20 cycles of O3 (500 ms, 200°C) were passed on the quartz fiber surface to further activate it. The first 
precursor TDMAS (250 ms, 200°C) was then introduced to the reaction chamber to react with the -OH group on the SiO2 

fiber surface to form an intermediate layer (-SiHN(CH3)2 or -SiHN=CH2). After 5 s, N2 (20 s, 20sccm) was passed to 
purge the reaction by-product (NH(CH3)2). After waiting for another 5 s, the second precursor O3 (500 ms, 50sccm, 
200°C) was passed to continue the reaction with the intermediate layer to form SiO2. Finally, N2 (25 s, 20sccm) was 
passed again to purge the by-products of the reaction (NH(CH3)2). The base pressure of the reactor was 30 Pa. The quartz 
fibers of groups C–F were deposited with 50,100, 200 and 400 reaction cycles of SiO2, respectively.
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Scanning Electron Microscopy (SEM)
Several fiber specimens were randomly selected from each group of fibers with wetting agents, group A (fibers with 
wetting agent removed), and groups C–F (fibers with different thicknesses of SiO2 nanofilms). Moreover, SEM (MAIA3- 
TESCAN, Chech) was used to observe the surface microscopic morphology of the fiber specimens.

Spectroscopic Ellipsometry (SE)
Since the thickness of the irregular surface could not be measured using SE, SiO2 nanofilms were deposited on silicon 
wafers via 50, 100, 200, and 400 cycles, according to the fiber deposition process. The film thickness was measured using 
SE (M-2000v, J A Woollam, USA) at an incidence angle of 65° and the wavelength region from 200 to 2000 nm to 
indirectly reflect the thickness of SiO2 nanofilms.32,33

Silanization Treatment
The fiber specimens of groups B–F were placed in a beaker, and 1000 mL of cyclohexane, 0.4 g of propylamine, and 1 g of 
KH570 were added. After stirring magnetically for 30 min at room temperature, the solution was heated in a water bath at 
65°C for 90 min. The solution was shaken every 15 min. The specimens were removed from the beaker and placed in 
a vacuum drying oven at 60°C for 24 h, dried under vacuum at 95°C for 2 h, and dried under vacuum at 85°C for 18 h to 
complete the silylation of the fibers.

Static Water Contact Angle (WCA) Measurements
Several fiber bundles from groups A–F were randomly selected. To form a uniform surface, all the fibers were laid on a glass 
slide; the specimen was flattened with another glass slide, and the slides were fixed on each end with glue. Subsequently, the 
WCA of the fiber surfaces was tested using a contact angle meter (Dataphysics OCA20, Germany).

Fourier Transform Infrared Spectroscopy (FTIR)
Several fibers from groups A–B and C–F, which did not undergo silanization, were randomly selected, and the fiber 
surface functional groups were examined by FTIR (iS Nicolet, USA). The FT-IR spectroscopy was performed in the 
range of 4000 to 600 cm−1 with 30 accumulations at 2 cm−1 resolution.

Thermogravimetric Analyses (TGA)
The experiments were conducted using a thermogravimetric analyzer (TA Instruments, USA). Several fiber bundles from 
groups B–F were randomly selected, and 5 mg of fiber was cut from each bundle. The bundles were placed in a reactor, 
and the temperature was increased from 0°C to 800°C at a rate of 10°C/min. The weight changes of the quartz fiber 
specimens were recorded as a function of temperature.

Table 1 Composition of Various Experimental Groups (n = 45 for Each Group)

Study 
Group

Number of Cycles  
for Deposited 
SiO2 Films

Silanization Bis-GMA 
(wt%)

MMA 
(wt%)

DMAEMA 
(wt%)

CQ 
(wt%)

Group A 0 – 78.5 20 0.5 1

Group B 0 KH570 78.5 20 0.5 1
Group C 50 KH570 78.5 20 0.5 1

Group D 100 KH570 78.5 20 0.5 1

Group E 200 KH570 78.5 20 0.5 1
Group F 400 KH570 78.5 20 0.5 1

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S446584                                                                                                                                                                                                                       

DovePress                                                                                                                       
2117

Dovepress                                                                                                                                                              Shu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Fabrication of FRC
Bis-GMA (78.5 wt%), MMA (20 wt%), DMAEMA (0.5 wt%), and CQ (1 wt%) were weighed in proportion and stirred 
for 1 h at a constant temperature of 40°C on a magnetic stirrer to obtain liquid resin. Group A–F fibers were soaked in 
liquid resin for 4 h without light. The size of the FRC mold was 25 × 2 × 2 mm according to the ISO 10477:92 
standard.31 To obtain FRCs, the fibers were straightened and shaped in the mold and cured at both ends and at the center 
for 60s using a light-curing lamp. Subsequently, the FRCs were stored at room temperature and protected from light for 2 
weeks before use.Table 1 Composition of various experimental groups (n = 20 for each group).

Measurement of FS Before and After Aging
A three-point bending test was conducted according to the ISO 10477:92 standard.31 Half of the FRC specimens (n = 10) 
were aged for 50,000 cycles using thermal cycler, and experimental settings were the same as the SBS testing. The FRCs 
with (n = 10) and without aging (n = 10) were placed on the loading table of the universal material testing machine and 
subjected to a three-point bending load test at a span of 20 mm. The diameter of the loading head was 2 mm, and the 
loading speed was maintained at 1 mm/min until the specimens were cracked. The microcomputer recorded the FS values 
of specimens before and after aging. The following formula was used to calculate the bending strength:

In formula (4), F, L, B, and H represent the FS, maximum load, specimen span, specimen width, and specimen thickness, 
respectively.

Finally, the fractured experimental specimens were examined under SEM to observe the microstructures of the 
fractured surfaces as well as the cross-sectional and longitudinal sections.

For each group of specimens, the measured FS values were arranged in increasing order and assigned the labels i = 1, 
2, 3, …, 10. Weibull analysis described the failure probability (Pf) as follows:

where σf, σθ, and m are the FS, scale parameter, and Weibull coefficient, respectively. The probability of failure was 
estimated as follows:

The following equation (7) was linearly transformed from the aforementioned equation using the least-squares method:

Measurement of SBS Before and After Aging
120 freshly sound human anterior teeth were isolated from the healthy patients which were extracted during the normal 
clinical treatment at the affiliated hospital of Stomatology, Nanjing Medical University. Informed consents were signed 
with the approval of the Ethics Committee of the affiliated hospital of Stomatology, Nanjing Medical University (permit 
number: PJ2023-074-001). All research studies have been performed in accordance with the principles stated in the 
Declaration of Helsinki. Teeth were cleaned and divided into 6 groups randomly, each group has 20 teeth.

Chemically curing methyl methacrylate resin was used to embed those teeth in PVC plastic pipes. On the labial 
surface of each tooth, a 2 × 2 mm sized standardized bonding area was isolated by medical adhesive tape. Firstly, 37.5% 
phosphoric acid was etched on enamel for 15s, rinse thoroughly with water, and then air dried for 5 s. Secondly, the 
dental adhesive was applied to the etched area repeatedly for 20s, gently blowed for 5s, and light cured for 10s. Finally, 
placed the composite resin on the standardized bonding area and a 2 × 2 mm sized segment of uncured fiber reinforcing 
composition was put horizontally on it, then light cured for 20s. The processed sample is showed in (Figure 1A and B), 
and specific operation process is shown in Figure S1.

Half of the specimens (n = 10) were aged for 50,000 cycles using thermal cycler (XODC-800-II, Nanjing Xianou 
Instrument Manufacturing Co., Ltd., China). In each thermocycle, specimens were maintained in cold (5°C) and hot 

https://doi.org/10.2147/IJN.S446584                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 2118

Shu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=446584.docx
https://www.dovepress.com
https://www.dovepress.com


(55°C) tanks for 30s. The specimens with (n = 10) and without aging (n = 10) were placed on the loading table of the 
universal material testing machine. The shear load was applied parallelly and as close as possible to the interface between 
the enamel and adhesive resin (Figure 1C). The loading speed is 1 mm/min until failure occurred.

The stereomicroscopy (SMZ1000, Nikon, Japan) was used to evaluate the failure modes (10× magnification). The 
failure modes were divided into four types: ① adhesive failure between enamel and composite, ② cohesive failure 
within enamel, ③ cohesive failure within FRC, or ④ mixed failure if adhesive and cohesive fractures occurred 
simultaneously.11

Sorption and Solubility Test
Five FRC specimens were randomly selected from the group with the highest mechanical properties; the specimens were 
cleaned and dried in a drying oven for 24 h. Subsequently, each specimen was weighed (M1) and then immersed in 
artificial saliva (AS) at 37°C. At intervals of 1, 2, 3, and 4 weeks, the specimens were removed, wiped to remove excess 
liquid, weighed (M2), and immersed again in AS. After 4 weeks, each specimen was removed and dried again in the 
drying oven for 24 h. The weight of each specimen after the final drying (M3) was recorded. The absorbency (Wsp) was 
defined as the percentage increase in weight (M2-M1) with respect to the initial weight (M1) after immersion, whereas the 
solubility (Wsl) was defined as the percentage decrease in weight (M1-M3) with respect to the initial weight (M1) after 
immersion and drying. The actual value of absorbed water (AW) of FRC was defined as the sum of the absorbency and 
solubility. The equations (8) - (10) were used to calculate the abovementioned parameters:

Cell Viability Assays
Preparation of Eluted Specimens
In this experiment, the group with the highest mechanical properties was chosen as the experimental group. The FRC 
specimens were cleaned by ultrasonication in anhydrous ethanol for 5 min and then in deionized water for 10 min. The 
washing steps were repeated three times, after which the specimens were autoclaved. The sterile specimens were 
immersed in DMEM at the extraction ratio of 3 cm2/mL and incubated at 37°C with 5% CO2 for 1, 3, 5, and 7 days 
for subsequent cytotoxicity testing.34

Figure 1 (A and B) are schematic diagram of the standard specimen; (C) schematic diagram of shear bond strength test.

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S446584                                                                                                                                                                                                                       

DovePress                                                                                                                       
2119

Dovepress                                                                                                                                                              Shu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


CCK-8 Assay
CCK-8 assay was used to detect the cytotoxicity of the FRC specimens. Mouse fibroblast cells (L929 cells, American 
Type Culture Collection, America) were cultured in DMEM at 37°C and 5% CO2 until they reached the logarithmic 
growth phase. The medium was then discarded, and cells were seeded in 96-well plates at a density of 2000 cells/well 
and incubated at 37°C and 5% CO2 for 24 h. After the cells fully adhered to the plate walls, specimens eluted for 1, 3, 5, 
and 7 days were added to the plates. Specimens in the control group were incubated with DMEM only. After co-culture 
for 24 h, the CCK-8 solution was added to each well and incubated without light for 1 h. The optical density (OD) of 
each well at 450 nm was measured using an enzyme-labeled instrument (SpectraMax M2/M2e, Molecular Devices, 
Silicon Valley, USA).

LDH Assay
This experiment was conducted based on the principle of LDH release into the culture medium, and the cell membrane 
integrity was detected using an LDH assay kit. The experimental group was the same as that in the CCK-8 experiment. 
Moreover, a control group with maximum enzyme activity was added. The L929 cells were incubated with eluted 
specimens having different soaking times at 37°C and 5% CO2 for 24 h. Furthermore, 20 µL of lysis solution was added 
to the wells in the control group 1 h before measurements. Finally, 120 µL of supernatant and 60 µL of LDH assay 
working solution were added to each well, followed by incubation for 30 min at room temperature and without light. The 
OD of each well at 490 nm was measured.

Measurement of Reactive Oxygen Species (ROS) Levels
To further investigate the toxicity of eluted FRCs, DCFH-DA, an ROS probe, was used to quantify intracellular ROS 
levels. Cell inoculation and addition of eluted specimens were performed using the same methods as in the CCK-8 
experiment. After incubation with eluted specimens for 24 h, DCFH-DA was added to each well under light-proof 
conditions and incubated at 37°C in a 5% CO2 incubator. After 2 h, the cells were washed three times with PBS, and the 
fluorescence intensity (FI) was measured at ex/em = 480/530 nm using an enzyme marker. Some cells were placed under 
an inverted fluorescence microscope (Leica, Germany) and intracellular fluorescence was observed with the same 
exposure time and gain value.

Cytokine Detection
To investigate whether the eluted specimens can induce an inflammatory response in the cells, cytokine assays were 
performed on the cells, which were grouped as described in the CCK-8 experiment. L929 cell supernatant was obtained 
after co-culture with the eluted specimens for 24 h. Fibroblast cytokine levels were measured using a Mouse IL-6 ELISA 
kit. Anti-IL-6-monoclonal antibodies were added to each well of the ELISA plate and incubated for 2 h. Thereafter, IL-6 
specimens were conjugated with biotin, added to the wells, and kept at room temperature for 1 h. The specimens were 
rinsed thoroughly with the washing solution, and horseradish peroxidase was added; the specimens were then incubated 
for 20 min at room temperature without light. Finally, the chromogenic TMB (3,3’, 5.5;-tetramethylbenzidine) solution 
was added, and the absorbances of each well were read at 450 nm on an enzyme marker.

Fluorescence Confocal Imaging
To examine the morphology of the cells, L929 cells cultured with different eluted specimens were observed using laser 
confocal microscopy, and the cells were grouped as described in the CCK-8 experiment. Moreover, the cells were made 
to grow onto the cell climbing sheets before the experiment. Subsequently, the cells were incubated using the same 
procedure as in the CCK-8 experiment. After 24 h, the cells were fixed with 4% paraformaldehyde and treated with 5% 
Triton X-100 for 5 min. The specimens were incubated in phalloidin solution for 30 min and then stained with DAPI for 
30s. Laser scanning confocal microscopy (LSCM; Leica, Germany) was used to obtain the confocal images of the cells.
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Statistical Analysis
Data were presented as the mean ± standard deviation. Experiments were conducted separately at least three times. 
Means were analyzed by one-way analysis of variance (ANOVA). p-values less than 0.05 were considered significant.

Results
SEM
SEM was used to observe the surface characteristics of the quartz fibers that underwent different surface treatments. The 
surface of the fiber with the surface wetting agent (Figure 2A) shows the adhesion. After removing the wetting agent 
(Figure 2B), the fiber surfaces were smoother, with no obvious structural defects. Figure 2C–F show the surface 
morphology of group C–F fibers. With the increase in the number of ALD reaction cycles, the fiber surfaces became 
smooth and continuous, without obvious structural defects.

SE
The thicknesses of ALD-deposited SiO2 nanofilms in groups C (50 cycles), D (100 cycles), E (200 cycles), and F fibers 
(400 cycles) were 3.1, 9.5, 14.8, and 24.6 nm, respectively. The film thickness was found to increase linearly with the 
number of ALD cycles, and the deposition rate was approximately 0.059 nm/cycle (Figure S2).

FTIR Analysis
Since the first-order derivative infrared (IR) spectra of quartz fibers and SiO2 nanofilms are almost identical, it is difficult to 
identify quartz fibers and SiO2 nanofilms with ordinary IR spectrograms. Thus, we subjected FTIR spectrograms to 
smoothing, baseline correction, normalization, and second-order derivative to increase the resolution. The second-order 
derivative spectra in FTIR are shown in Figure 3. Groups C–F represent the quartz fibers that have not been silanized after 
SiO2 nanofilm deposition. The characteristic absorption peaks of Si-O-Si bond were detected on the surfaces of fibers in 
groups A (1102.12 cm−1 and 990.27 cm−1) and B (1102.12 cm−1), which represented the SiO2 nanofilms on quartz fiber 
surfaces, whereas the characteristic absorption peaks of Si-O-Si bond of group B fibers were shifted to 982 cm−1 due to 
silanization. Moreover, the peak intensity of group C–F fibers at 990.27 cm−1 (Si-O-Si bond on the fiber surface) decreased, 

Figure 2 Representative SEM photomicrographs of the fiberglass (×2000). (A) fiberglass with wetting agent (fiber surface wetting agents are shown in the frame). 
(B) fiberglass without wetting agent. (C) fiberglass with SiO2 nanofilms deposited via 50 ALD cycles. (D) fiberglass with SiO2 nanofilms deposited via 100 ALD cycles. 
(E) fiberglass with SiO2 nanofilms deposited via 200 ALD cycles. (F) fiberglass with SiO2 nanofilms deposited via 400 ALD cycles.
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whereas the relative intensity of the Si-O-Si bond absorption peaks (1121.44 cm−1 and 956.52 cm−1) continued to increase, 
indicating characteristic absorption peaks of SiO2 nanofilms; furthermore, the subpeak of SiO2 plating was 981 cm−1.

WCA
The WCA, which is defined as the angle at which the water–vapor interface intersects with the solid surface, can be used 
as a measurement value to indicate the wetting phenomenon. When the WCA is less than 90°, wetting occurs. When the 
WCA is greater than 90°, the surface is unwettable.

Figure 4 shows that only the unsilanized group A fibers had a WCA less than 90°, which means only the group 
A fiber surface exhibited hydrophilicity. The hydrophilicity of the surface of SiO2 is due to the formation of hydrogen 
bonds between silanol groups and water molecules.35 However, group B–F fibers showed hydrophobic organic groups 
(vinyl, amino, epoxy, mercapto groups, etc.) on the surface after silylation; thus, all group B–F fibers exhibited 
hydrophobicity (WCA > 90°), and group C–F fibers with surface modification showed better hydrophobicity than 
group B fibers (P < 0.05).

TGA
Figure 5 shows the TGA results. As the temperature increased, the quartz fibers underwent different degrees of weight 
loss. This result reflects the grafting rate of SiO2 on the surface of the quartz fibers and the stability of the bonding energy 
between resin and the fibers. The weight loss that occurred between 200°C and 350°C for each group of fibers involved 
a small amount of organic wetting agent remaining on the quartz fiber surface.36,37 In the 350–550°C temperature range, 
weight loss occurred in group B–F fibers after the removal of the wetting agent. The weight loss involved the silane bond 
generated via the reaction of the silane coupling agent, which was broken at high temperatures.31 The weight losses of 
group B–F fibers that occurred in the 350–550°C temperature range were 0.40%, 0.59%, 0.68%, 0.73%, and 0.72%, 
respectively.

Figure 3 Fourier transform infrared spectra of six groups of fiberglass with different treatments.
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FS of FRCs
Before aging, the bending strength of group A fibers, which did not undergo silanization, was lowest compared with those of the 
six groups of fibers (P < 0.05) (Table 2). The bending strength of group B fibers, which was silanized, was greater than that of 
group A fibers, but smaller than those of group C–F fibers, which underwent surface modification. Regarding the bending 
strengths of the groups of fibers with ALD-deposited SiO2 nanofilms, group C–D fibers showed an increasing trend, whereas 
group D–F fibers showed a decreasing trend. There is no significant difference between Group F with Group C or Group E (P > 
0.05). Furthermore, group D fibers had the highest bending strength (P < 0.05), and group C–F fibers did not show a monotonic 
increase in bending strength with increasing cycle number (Figure 6).

After the aging experiments, the bending strength of fibers in all groups decreased by different degrees (P < 0.05). The 
bending strength of group A fibers without silanization decreased by 38.05%, followed by group B fibers with no SiO2 

nanofilms, in which the bending strength decreased by 29.88% before and after aging (Table 2). The trend of bending strengths 
of group C–F fibers did not change after aging. Hence, the bending strength of group D fibers remained the highest after aging 
(P < 0.05), while Group C and Group F still did not have significant difference (P > 0.05). Moreover, the decrease in bending 
strength in group D fibers (10.82%) was the smallest compared with those of the other five groups of fibers.

Figure 7 shows the Weibull distribution plots of FRCs in each group. A higher Weibull modulus indicated a smaller error 
range and a greater structural reliability of the material. Among several groups of FRC specimens made of fibers deposited 
with SiO2 nanofilms, the Weibull modulus was highest in group D fibers before aging, suggesting that group D fibers were 
more reliable and had higher structural integrity compared with fibers from the other groups.38,39

Figure 8A1–F1 shows the SEM images of group A–F specimens after three-point bending in the fracture surface. The 
surfaces of group A fibers had almost no resin residue. Only a small amount of resin residues were found on a cross- 
section of group B fibers. Flakes of resin residues were found on the surface of group C fibers with ALD-deposited SiO2 

nanofilms, and resin lumps were observed on the surfaces of group D–F fibers.
Figure 8A2–F2 and A3–F3 show the longitudinal and cross-sectional SEM images of the FRC specimens prepared with 

group A–F fibers. As shown in Figure 8A2–F2, the fibers in each group were closely arranged and uniformly distributed in 
resin. There were some gaps at the interface between resin and group A–B quartz fibers; however, in group C–F fibers, there 
were no obvious gaps, and the bonding between quartz fibers and resin was stronger. A longitudinal section of group D fibers 

Figure 4 Water contact angle image of group A–F fiber wettability. Bars denote the mean contact angle, and the whiskers indicate the standard deviation. Inside the bars, the mean 
contact angle is mentioned with the standard deviation in parentheses. Means indicated by the same lowercase letter are not significantly different (P < 0.05). a<0.0001; b, c<0.005.
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showed that resin wrapped the fibers closely, with no obvious boundary between them. A cross-section of group A–B fibers 
demonstrated a separation of resin from the fibers, with many obvious gaps between them. The gaps between resin and group 
C–F fibers were smaller than those between resin and group A and B fibers. In group D, resin tightly wrapped the fibers, 
whereas there were a few narrow gaps between resin and group C, E, and F fibers.

SBS of FRCs
The results of SBS are shown in Table 3 and Figure 9. Under shear load created a pealing of the glass fibers from their 
Bis-GMA bed, thereby decreases the SBS between FRC and the enamel.7 The SBS of group B, which undergoes 
silanization, was only greater than group A (P < 0.05). Among the group C–F, whose fibers underwent surface 
modification, groups D and E had greater SBS than others before and after aging (P < 0.05). Moreover, the decrease 
in SBS in groups D (8.47%) and E (9.63%) was the smallest compared with those of the other four groups. However, 
there are no statistical differences between groups D and E (P > 0.05).

Figure 10 and Table S1 show the results of failure modes. In the present study, adhesive and mixed failures were the most 
common fracture modes. The proportion of cohesive failure in FRC is the highest in group A (60%) before aging, and the 
proportion increases to 90% after aging. After silanization treatment, the proportion of cohesive failure in FRC of group B (20%) 

Figure 5 TG thermograms of group six groups of fiberglass with different treatment. (A) group B, (B) group C, (C) group D, (D) group E, (E) group F.

Table 2 Flexural Strength of FRC Obtained Before (n = 10) 
and After (n = 10) 50,000 Thermocycles

Group Before Aging 
(MPa)

After Aging 
(MPa)

Decrease 
Percentage (%)

A 804.80±24.66a 498.55±42.02f 38.05%

B 933.62±52.10b 654.67±67.81g 29.88%

C 1106.47±58.41c 895.10±50.87h 19.10%
D 1263.20±48.81d 1126.53±65.35i 10.82%

E 1185.11±53.16e 1018.37±47.69j 14.07%

F 1162.21±57.12c,e 946.28±46.76h 18.58%

Notes: Numbers with the different letters are significantly different (P < 0.05). 
a, b, f, g, h, i<0.001; c, d, e<0.01; j<0.05.
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decreases compared to group A. The group C-F underwent modification exhibits a further decrease in the proportion of cohesive 
failure in FRC (10%, 0%, 0%, 10% respectively). However, the proportion of cohesive failure in FRC of group C, E, and 
F increases after aging (30%, 10%, and 20% respectively), while group D remains at 0%. Figure 11 displays the SEM results of 
the 6 groups of FRC after cohesive failure. It can be observed that in group A, the resin extensively delaminates from the fiber– 
matrix interface, while in group B, numerous voids are visible at the interface. In the C-F group, a tighter bond is observed 
between the resin matrix and the fiber interface. In particular, the resin stripping only occurred on the surface portion in Group D.

Sorption and Solubility Study in AS
In this experiment, group D specimens (n = 5) had the greatest mechanical properties were chosen for solubility and adsorption 
studies. The specimens immersed in AS underwent two reactions leading to weight change: water uptake and a dissolution of 
unreacted monomers and oligomers. An increase in specimen weight resulted from water uptake by the specimens, whereas 
a decrease in specimen dry weight was induced by a dissolution of monomers and oligomers. WS is the actual FRC water uptake, 
considering the dissolved monomers. There was no significant change in specimen weight with increase in specimen soaking time 
in AS (P < 0.05) (Figure 12). After 4 weeks of immersion in AS, the WS of the specimens was 1.4 wt%, indicating a considerably 
small change in FRC weight during the immersion process. This result reflects the adequate stability of the FRC in the oral cavity, 
which corroborated with the findings of Wang.40

Cellular Cytotoxicity
The group D specimens were chosen to be the experimental group as they had both the greatest FS and SBS. In this 
experiment, L929 cells were co-cultured with eluted specimens having different soaking times, and the proliferation 
ability of L929 cells was detected using the CCK-8 assay method. There were no significant between-group differences 
in OD values after 24 h of co-culture with L929 cells of eluted specimens on days 1, 3, 5, and 7 (P > 0.05) (Figure 13A). 
This result also proves that the eluted group D specimens did not affect L929 cells.

LDH, a cytoplasmic enzyme that is responsible for the conversion of pyruvate to lactate, is released from cells during 
cell membrane damage.41 The LDH assay results (Figure 13B) showed no significant between-group differences in OD 
values (P > 0.05). The results of this experiment confirmed that the eluted group D specimens had no damaging effect on 
L929 cell membranes.

Figure 6 Flexural strength of fiber-reinforced composite before and after aging. The bar chart represents different flexural strengths of group A–F fibers before and after 
aging. Means indicated by different lowercase letters are significantly different (P < 0.05). a, b, f, g, h, i<0.001; c, d, e<0.01; j<0.05.
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Figure 7 Weibull distribution plots for the flexural strength of the fiber-reinforced composite (FRC). (A) flexural strength of the FRC before aging. (B) flexural strength of 
the FRC after aging.
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Figure 8 (A1–F1): The fracture surface of fiber-reinforced composite made of group (A–F) fibers after three-point bending (×5000); (A2–F2): Representative SEM results 
(longitudinal views) of the fiber-reinforced composite made of group (A–F) fibers (×2000); (A3–F3): Representative scanning electron photomicrographs (cross-sectional 
views) of the fiber-reinforced composite made of group (A–F) fibers (×5000).

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S446584                                                                                                                                                                                                                       

DovePress                                                                                                                       
2127

Dovepress                                                                                                                                                              Shu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


IL-6, a pro-inflammatory cytokine, is released when cells are grown in the presence of an irritant.42 In this experiment, 
we measured IL-6 levels in L929 cell supernatant after co-culture with eluted specimens for 24 h (Figure 13C). ELISA 
analysis of the supernatant of cells exposed to different eluted specimens showed no significant increase in IL-6 levels in 
Group D fibers compared with control group fibers (P > 0.05).

ROS level reflects the intracellular oxidative stress state and is an important indicator of cell health. ROS can induce 
intracellular protein inactivation, lipid peroxidation, mitochondrial dysfunction, and ultimately apoptosis or necrosis.43 In 
this experiment, the ROS assay method was used to verify the biotoxicity of eluted FRC specimens on L929 cells; the FI 
results of cells are shown in Figure 13D. The specimens eluted for 1, 3, 5, and 7 days were co-cultured for 24 h, and there 
was no significant between-group difference in FI results (P > 0.05). The cells in each group were observed under an 
inverted fluorescence microscope, as shown in Figure 14. A small amount of green fluorescence was visible in the control 
group (Figure 14A), due to the presence of a small amount of ROS in the normal cells. Compared with the blank group, 
there was no significant difference in the amount of green fluorescence in each experimental group (Figure 14B–F).

Table 3 SBS of FRCs Obtained Before (n = 10) and After (n = 10) 
50,000 Thermocycles for Each Group

Group Before Aging 
(MPa)

After Aging 
(MPa)

Decrease 
Percentage (%)

A 23.23±3.13a 16.84±2.83e 27.51%

B 27.05±2.99b 20.48±3.16f 24.29%
C 32.16±2.33c 28.51±2.43g 11.35%

D 38.73±4.37d 35.45±4.08h 8.47%

E 37.49±4.34d 33.88±4.94h 9.63%
F 33.95±5.15c 30.16±4.51g 11.16%

Notes: Numbers with the different letters are significantly different (P < 0.05). 
a, c, d, e<0.05; b, f, h, g<0.01.

Figure 9 The SBS of FRC before and after aging. The bar chart represent different flexural strength of group A–F before and after aging. Means with the different letters are 
significantly different (P < 0.05). a, c, d, e<0.05; b, f, h, g<0.01.
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Figure 10 Failure pattern distribution of different groups tested (A: adhesive failure; CE: cohesive failure within enamel; CF: cohesive failure within FRC; M: mixed failure).

Figure 11 (A-F) Representative SEM photomicrographs of cohesive failure in FRC of 6 groups. (1000×).
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Figure 15 shows the LSCM images of L929 cells incubated with eluted specimens for 24 h. The cells in both groups 
were in a good state and were sprawled on the surface of the specimens, implying a good cytocompatibility of the FRCs.

Discussion
FRC is a multiphase material which incorporates reinforcing fibers to enhance its mechanical properties. Some researches 
showed that optimal reinforcement of FRC relies on an adequate interfacial bond between the two phases. This strong interface 
bonding ensures effective stress transfer between the fibers and the matrix and prevents interface failure mechanisms, such as 
shed and fracture.11 This experiment involved the use of ALD technology for SiO2 nanofilm deposition on quartz fiber surfaces to 
improve the interfacial bonding between quartz fibers and resin, thereby enhancing the strength and toughness of FRC and further 
strengthening its long service performance such as wear resistance as well as fracture and shedding prevention.

Figures 6 and 9 respectively depict the results of FS (three-point bending test) and SBS (SBS test) before and after aging of 
6 groups. Group A fibers showed poor FS and SBS because they were not treated with silane coupling agent. The WCA results 
demonstrated that quartz fiber surfaces that underwent wetting agent removal were hydrophilic with poor wettability between 
the fibers and the hydrophobic resin; hence, the interfacial bond between group A fibers and resin was weakest, and the 
mechanical property of the FRC was poorest compared with those of the other fibers. In contrast, group B quartz fibers showed 
hydrophobic surfaces after treatment with the silane coupling agent (Figure 4); this hydrophobicity facilitated the adsorption of 
resin on the irregular fiber surface. In addition, an -OH group grafted to the fiber surface by the silane coupling agent formed 
a relatively strong Si-O bond with resin.16,44 Therefore, group B fibers were slightly stronger than group A fibers (P < 0.05), 
which is consistent with the findings of Jelena et al.7 The mechanical properties of group C–F fibers were generally better than 
those of group B fibers. On the one hand, the ALD-deposited SiO2 nanofilms increased the content of the -Si-OH, which 
enhanced the reaction between the silane coupling agent and the fiber, thereby improving the interfacial bonding strength 
between the fiber and resin. Moreover, SEM images showing transverse and longitudinal sections of the FRC revealed that 
ALD-modified fibers were more tightly bonded to resin. On the other hand, the nanoscale SiO2 films can fill the micron-scale 
defects on the fiber surface, which enhances the mechanical properties of the fiber.45 The results of failure modes show that 
FRC of group A has the highest percentage of cohesive failures in FRC both before and after aging (60% and 90% 

Figure 12 Weight change of the fiber-reinforced composite with the duration of soaking in artificial saliva. The use of “dry” and “wet” indicate that the specimens were 
tested after and before desiccation, respectively.
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Figure 14 ROS fluorescence images of L929 co-culture with different concentrations of eluted group D fibers. (A) control group. (B) specimens eluted for 1 day. (C) 
specimens eluted for 3 days. (D) specimens eluted for 5 days. (E) specimens eluted for 7 days.

Figure 13 Cellular cytotoxicity at different concentrations for eluted group D specimens. (P > 0.05) (A) Cell counting kit-8, (B) lactate dehydrogenase, (C) Enzyme-linked 
immunosorbent assay, (D) Reactive oxygen species (ROS) fluorescence intensity.
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respectively). However, the proportion decreases in Group B, which further confirms that silanization can effectively enhance 
the interfacial bonding between the fibers and the resin.

ALD, a surface grafting technology, can be used to uniformly deposit substances on the surface of complex structures. 
The result of SEM shows that the surface of fibers with SiO2 nanofilms (group C–F fibers) is smooth and continuous, 
with no obvious defects compared with other modification methods such as sol-gel,12 and has no distinct changes in 
surface morphology from those of fibers before ALD (group A and B fibers). The damage to the substrate was minimal 
compared to the corona treatment.13 This may explain why ALD can achieve an adequate modification of the fiber 
surface, increase the number of surface reactive groups, and substantially improve the mechanical properties of FRC.27 

FTIR analysis results confirmed Si-O-Si network formation on group C–F quartz fiber surfaces, by showing an increased 
intensity of the Si-O-Si absorption peak (1121.44 cm−1 and 956.52 cm−1), representing the SiO2 nanofilms, and the 
appearance of the subpeak of the SiO2 plating (981 cm−1). Furthermore, TGA results demonstrated that the relative 
weight of group C–F fibers decreased more than that of group B fibers, indicating that after depositing SiO2 nanofilms by 
ALD, the reactive groups on the fiber surface increased accordingly, which in turn enhanced the silylation process. The 
weight loss of group C fibers was lower than that of group D–F fibers, probably due to the incomplete surface deposition 
at the early stage of the ALD reaction.

The FS and SBS results show that the group C-F, which underwent ALD surface modification, exhibited a significant 
improvement in mechanical performance compared to groups A and B (P < 0.05). As strong interfacial bonding can 
effectively transmit the stress and prevent crack propagation through the FRCs. Weaker interfacial bond strength can 
result in adhesive failure, interface debonding, and crack formation, thereby impacting the mechanical properties. 
Therefore, we can infer that after surface modification, the interfacial adhesion strength between the fibers and resin 
matrix has been improved, thereby enhancing the SBS to the enamel and FS. This is beneficial for reducing the risk of 
FRC fracture and dislodgement. Moreover, the FS and SBS of Group D had an improvement of 56.96% and 66.72% 
compared with the unmodified Group A, it is a huge improvement compared with other ways of modification.12,13

Figure 15 Laser scanning confocal microscopic images of L929 cells incubated with eluted group D specimens at different times (1, 3, 5, and 7 days) for 24 h. All images 
were taken under identical instrumental conditions and presented using the same intensity scale.
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However, theoretically, since ALD is a self-limiting saturation adsorption reaction, the number of surface –OH groups does 
not change with increase in the number of ALD reaction cycles. As the SiO2 nanofilm thickness increases, the mechanical 
properties of the FRC exhibit a crescendo-decrescendo tendency. Nevertheless, there are differences in the mechanical 
properties of group C–F fibers; since the external forces applied to the specimen are considerably high, the ALD-deposited 
film cannot withstand the tension and peel stresses, which leads to fractures between the film layers. The thinner the film, the 
easier it fractures.46 In addition, thicker coatings are associated with lower compressive stresses; thus, the stress relaxation 
process occurs as the coating grows,30 thereby weakening the properties of the deposited SiO2 nanofilms. As is shown in 
Figure 6, there is not any significant difference between Group C and Group F, although their underwent different number of 
ALD deposition cycles. We hypothesize that the 100 cycles of SiO2 nanofilm deposition (thickness of 9.5 nm) not only 
improve the bond strength but also provide a suitable buffer layer thickness during bond fracture induced by external forces. In 
contrast, higher thicknesses reduce the bond strength.

Zhang showed that compared with other modification methods, the thickness of ALD-deposited SiO2 nanofilms can be 
precisely controlled at the nanoscale, and the film thickness increases linearly with the number of ALD cycles.32,33 In the 
current study, SE findings also confirmed the abovementioned point. The thickness of the SiO2 nanofilms deposited at 200 °C 
demonstrated a linear relationship with a deposition rate of 0.059 ± 0.005 nm/cycle. This indicates that the number of ALD 
cycles can be precisely controlled to obtain the optimal nanofilm thickness for FRC strength enhancement.

FRC should have good aging resistance to withstand different oral environments. Thermal cycling is commonly used 
to test dental materials’ durability. As shown in Figures 6 and 9, generally, the mechanical properties of the specimens in 
each group degraded after aging. The mechanical property degradation of group A fibers was highest due to the 
difference in thermal expansion coefficients between the fibers and resin. This difference resulted in the occurrence of 
residual stress along the interface, which degraded the mechanical properties of the FRC.47 The mechanical properties of 
group B fibers also deteriorated due to the hydrolysis of the silane coupling agent at the fiber-resin bond interface. 
Nevertheless, the SBS and FS of group B fibers after aging remained higher than that of group A fibers due to the 
increased hydrophobicity of the fibers after the silane coupling agent treatment, which inhibits water diffusion into resin 
and improves the hydrolytic stability of FRC.40 The overall trend of the mechanical properties of the six groups of FRCs 
did not change before and after aging. Among the 6 groups, the reduction in SBS and FS of group D fibers was the lowest 
(8.47% and 10.82% respectively). Group D fibers had the highest mechanical properties both before and after aging. 
Regarding group C–F fibers, the decrease in mechanical properties after aging was related to the internal stresses 
accumulated in the SiO2 nanofilms, in addition to the hydrolysis of the silane coupling agent.48,49 Moisture can react with 
the strained Si-O bonds in the film to reset it to the minimum bond energy,30 thereby decreasing the bonding between the 
film layers as well as the interfacial bond strength between the fiber and resin.

The water adsorption of the FRC is related to the transformation achieved by the polymer and the nature of the 
network formed by the polymer.50 Excessive hygroscopicity degrades mechanical properties and decreases material 
resistance; the hydrolysis of chemical bonds produces similar effects, especially at the resin–fiber interface.51,52 The 
group D specimen, with the highest mechanical properties in this study, showed considerably little changes in moisture 
absorption (1.4 wt%), reflecting the good stability of the FRC.

In this study, the specimens were tested for biological toxicity via CCK-8 assay, LDH assay, ROS level measurement, 
and IL-6 detection. Only the eluted group D fibers were used for cytotoxicity experiments because they had the highest 
mechanical properties. The results showed that the eluted specimens neither affected cell proliferation nor damaged L929 
cell membranes; moreover, the specimens did not stimulate the cells to produce ROS and IL-6, which are cytotoxic. In 
addition, the eluted specimens did not alter the cell morphology. Therefore, these experimental results indicated that the 
FRCs have an adequate biocompatibility, which provides a solid foundation for future clinical applications. However, the 
oral is a complex environment, and the in vitro experiments in this study cannot fully simulate the use of FRC. Further 
studies on the evaluation of their mechanical properties in the simulated oral environment are underway in our group with 
the aim of gaining a better understanding of this modified FRC.
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Conclusion
(1) The mechanical properties of FRCs can be effectively improved by SiO2 nanofilm deposition on quartz fiber surfaces 

via ALD technology.
(2) Changing the number of ALD reaction cycles affects the mechanical properties of FRCs. The number of ALD 

reaction cycles increased with the thickness of SiO2 nanofilms on quartz fiber surfaces. However, the SBS and FS of 
the FRC do not exhibit a monotonic increasing trend with thickness. Instead, they reach optimal mechanical properties 
at a thickness of 9.5-nm-thick SiO2 nanofilms (after 100 cycles of deposition). This may be related to the stress 
relaxation and fracture between the films as well as the internal stresses accumulated in the films.
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