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Abstract: Dental implants are widely used tooth replacement tools owing to their good oral
rehabilitation and reconstruction capacities. Since dental implants are designed as a replacement
for natural teeth, multi-functional abilities are desired to achieve successful implant treatment
with improved osseointegration through promotion of mammalian cell activity and prevention
of bacterial cell activity. In this study, we developed a graphene–chitosan hybrid dental implant
(GC hybrid implant) using various concentrations of graphene, which demonstrated the different
surface properties including increased wettability and roughness. Importantly, the GC hybrid implant
under the optimal condition (i.e., 1% GC hybrid implant) could significantly promote osteoblast
proliferation while reducing biofilm formation and bacterial activity. Our study demonstrates the
potential of using this GC hybrid implant as a new type of dental implant, which can offer an effective
design for the fabrication of advanced dental implants.
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1. Introduction

Dental implants are used as a permanent substitution for natural teeth for oral rehabilitation when
edentulous patients have no other alternative to replace the tooth at the edentulate site. With advances
in modern dental implantology, dental implants are fabricated using various materials, and new
surgical techniques have been proposed to increase the success rate of dental implant treatment [1–3].
Metallic materials have gradually become the most widely used materials for dental implants owing
to their stable mechanical property, high corrosion resistance, and suitable biocompatibility [4,5].
Despite these advantages of metallic materials, the incomplete osseointegration between the implant
surface and transplanted site remains a critical problem after dental implant treatment [2,6]. Davies [7]
proposed an ideal osseointegration period of 3–6 months after a successful implant operation; however,
patients have to endure masticatory difficulty during the osseointegration period. Moreover, the soft
tissue and bone are more susceptible to periodontitis during this time, which stimulates inflammation
and bone loss, requiring antibiotic treatment and may ultimately result in implant failure [8]. Lindhe
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and Meyle [9] revealed that the risks of peri-implant mucositis are about 80% in patients and the risks
of peri-implantitis are about 28~56% in patients, following dental implant surgery.

Therefore, it is a challenge to develop an ideal dental implant that can effectively promote
osseointegration while suppressing bacterial biofilm formation and activity. Surface treatment of
a dental implant is regarded as an essential process to control the structural property, and several
commercial dental implants have been developed with various surface modifications, including
plasma spraying, resorbable blasted media, acid etching, and oxidation [2,10,11]. The advantages
of surface treatment include: (i) improvement of the mechanical fixation of the implant during
placement, (ii) proper structure formation for blood clot maintenance, and (iii) promotion of bone
healing [12]. These surface modifications can accelerate osseointegration along with preventing
biofilm formation [13,14]. In addition, different biochemical materials, including proteins, drugs,
and biomolecules, have gradually been used to improve local delivery on the surface of a metallic
implant [15–17]. Kim et al. [18] investigated the effects of a growth factor-loaded titanium implant
on osseointegration. Bone morphogenetic protein (BMP) is the key factor for inducing differentiation
into osteoblasts to promote bone regeneration. Using an immersion technique, BMPs at various
concentrations were successfully loaded onto the surfaces of a titanium implant that was sand-blasted
with large grit and acid-etched, and the optimal concentrations of BMPs (0.5 and 1.0 mg/mL) were found
to be effective for inducing bone regeneration and osseointegration in a beagle dog model. In addition
to this study, various other traditional approaches (i.e., structural and biochemical treatments) have
been proposed to improve the functions of a dental titanium implant.

Graphene is regarded as a new carbon-based nanomaterial on the threshold of the silicon age,
and its potential for various fields has been widely acknowledged, including chemical, biomedical,
environmental, and electrical fields [19,20]. In our previous research, we used graphene as a stem cell
culture substrate [21,22]. Human adipose-derived stem cells (hASCs) were cultured on a graphene
film, and the affinity of hASCs on the graphene film was induced under the fluid shear stress of
a rocking culture system. The differentiation of hASCs into specific lineages, including osteogenic,
adipogenic, and epithelial lineages, was strongly promoted in the presence of graphene. In addition,
human mesenchymal stem cells (hMSCs) were cultured on graphene-incorporated chitosan substrates
with various concentrations of graphene [22]. The surface coverage and roughness were increased
with an increasing concentration of graphene, and the cell attachment of hMSCs on graphene–chitosan
(GC) substrates was promoted. Although the proliferation of hMSCs on a 0.05% GC substrate was
better than that on substrates with a higher concentration, the osteogenic differentiation of hMSCs was
slightly accelerated on substrates with higher graphene concentrations (i.e., 0.5% or 5%). To further
confirm the effects of graphene on the initial cell behavior, the expression of integrin beta-1 and Cx43
was investigated. Interestingly, the expression levels were greatly increased in the presence of graphene,
indicating that the initial cell–substrate interaction and cell–cell communication were enhanced by
graphene, which might lead to the promotion of osteogenic differentiation.

These findings demonstrate the advantages of graphene for achieving good biocompatibility
and bioactivity, which can further promote cell functions and behaviors at the optimal concentration.
Therefore, graphene has been gradually incorporated into the design of bone-related implants.
Li et al. [23] investigated the osseointegration of a chemical vapor deposition (CVD) graphene-coated
titanium alloy using rabbit models. The animals that received the CVD graphene-coated titanium
alloy showed an improved bone volume, mineral apposition rate, and new bone formation rate due
to enhanced surface biological activity. Qiu et al. [24] demonstrated that the coating of graphene
on titanium might suppress bacterial activity, and the surfaces that were completely covered with
graphene could prevent not only the adherence of bacteria but also biofilm formation.

In this study, we propose a rational design for the fabrication of graphene-based hybrid dental
implants using a facile spin-coating technique. To this end, the fabricated hybrid dental implant
was formed into graphene-incorporated structures, which provided suitable surface properties for
promoting osseointegration, such as increased wettability and roughness. We further demonstrate that
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the changed surface properties of the hybrid implant can control the functions of both mammalian and
bacterial cells, offering a new design for a dental implant.

2. Materials and Methods

2.1. Materials

Highly pure graphite was purchased from Alfa Aesar (Massachusetts, MA, USA). Chitosan with a
low molecular weight was purchased from YB Bio Co. Ltd. (Seoul, Korea). All other reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Fabrication of the Graphene–Chitosan (GC) Hybrid Implant

Pure titanium disks (ASTM Grade IV, 3 mm thickness and 15 mm diameter; Kobe Steel, Kobe,
Japan) were polished by grinding and using polishing equipment (Labopol-5, Struers, Ballerup,
Denmark); #600 and #1500 SiC polishing papers were used for titanium surface treatment. The polished
titanium disks were then washed with acetone, 75% ethanol, and deionized water (DI water) using an
ultrasonic cleaner (WUC- D03H, DAIHAN-brand, Wonju, Korea). Graphene oxide (GO) was fabricated
according to the modified Hummer method [25], and the fabricated GO powder was sonicated in
DI water for 3 h. Subsequently, chitosan powder (3%) was dissolved in 1% acetic acid solution for
6 h, and GO solutions (1%, 3%, and 5%) were homogeneously blended with the chitosan solution.
The prepared GC solutions were then spin-coated onto the surface of the prepared titanium disks (Spin
coater, ACE-200, DONG AH, Seoul, Korea) under the following conditions: (i) the titanium disk was
rotated at 500 rpm for 15 s after acceleration for 2.5 s; (ii) rotation was continued at 1000 rpm for 15 s
after acceleration for 2.5 s; and (iii) rotation was performed at 4000 rpm for 10 s after acceleration for
2.5 s.

2.3. Characterization of the GC Hybrid Implant

Laser Raman spectrophotometric measurements were obtained with an NRS-5100 instrument
(JASCO, Tokyo, Japan) at 532.13 nm. The water contact angles were analyzed with a video contact angle
measuring device (Phoenix 300, SEO, Selangor D.E., Malaysia). Scanning electron microscopy (SEM)
imaging was performed using a JSM-7500F field-emission scanning electron microscope (FE-SEM
S-4700, Hitachi horiba, Kyoto, Japan). The roughness measurements were obtained with a nanosurface
3D optical profiler (NV-E1000, Nano System, Daejeon, Korea). The fluorescent images were acquired
with a laser confocal-scanning microscope (Leica TCS SP5 AOBS/tandem, Leica, Wetzlar, Germany).

2.4. Osteoblast Proliferation Tests

The prepared hybrid implant was washed three times using ethanol (70%) and once using
1× phosphate-buffered saline (PBS). The washed sample was then treated with alpha-minimum
essential medium (Gibco-BRL, Grand Island, NY, USA) containing 10% fetal bovine serum and
100 µg/mL penicillin for 3 h before use. MC3T3-E1 cells were then seeded onto the scaffolds
(4 × 104 cells/sample) at 37 ◦C under a humidified atmosphere with 5% CO2 (Forma Series II
3111 Water Jacketed CO2 Incubator, Thermo Scientific, Illinois, USA). After culturing for 6 h (cell
attachment) and 5 days (cell proliferation), the samples were treated with 1% WST assay solution
(4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene Disulfonate, EZ-Cytox, Itsbio, Inc.,
Seoul, Korea). After 3 h, the optical density of 100 µL media was confirmed by enzyme-linked
immunosorbent assay (ELISA; VersaMax ELISA Microplate Reader, Molecular Device, Sunnyvale, CA,
USA) at 450 nm. For SEM imaging of the osteoblasts, the MC3T3-E1 cells (4 × 104 cells/sample) were
seeded on the scaffolds and cultured. After culturing for 6 h and 5 days, the cells were fixed with 2.5%
glutaraldehyde for 2 h and then washed using PBS twice. The fixed samples were dehydrated in a
series of ethanol concentrations (40%, 50%, 60%, 70%, 80%, 90%, and 100% v/v) for 5 min. The samples
were dried for platinum coating and SEM observations.
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2.5. Anti-Biofilm Formation Tests

To confirm the anti-biofilm formation effect, the prepared hybrid implant was treated with artificial
saliva, containing 1% mucin from the porcine stomach (M1778; Sigma-Aldrich, St Louis, MO, USA)
and adherence buffer (Table S1), for 2 h. Streptococcus mutans KCOM 1504 (Korean Collection for Oral
Microbiology [KCOM], Gwangju, Korea), which is a representative Gram-positive bacterium, was
used for the anti-biofilm formation test, which was cultured in brain heart infusion medium (Becton,
Dickinson and Company, Sparks, MD, USA) at 37 ◦C in an incubator (LIB-150M, DAIHAN Labtech Co.,
Wonju, Korea). The bacteria were stained using green fluorescent nucleic acid stain (SYTO 9, Molecular
Probes Europe BV, Leiden, The Netherlands) and red fluorescent nucleic acid stain (propidium iodide,
Molecular Probes Europe BV, Leiden, The Netherlands) for 24 h. The unattached bacteria were removed
by washing with PBS, followed by treatment with 200 µL/mL SYTO 9 solution (dH2O = 3 µL:2 mL) for
15 min. The stained bacteria were washed with PBS and the samples were dried at room temperature.
To quantify the bacteria, 0.3% crystal violet solution was reacted with the samples for 10 min. After PBS
washing, the samples were dried for 15 min and then treated with 500 µL/mL ethyl alcohol/acetone
(8:2 solution) for 1 h. The optical density of 200-µL samples of the reacted media was measured by
ELISA (VersaMax ELISA Microplate Reader, Molecular Device, Winooski, USA) at 595 nm.

2.6. Statistical Analysis

Statistical analysis was conducted with SPSS 21.0 software (SPSS Inc., Chicago, IL, USA), and
one-way analysis of variance (ANOVA), Shapiro-Wilk, and Turkey test. In all cases, p values
of <0.05 were considered statistically significant. All quantitative results are presented as the
mean ± standard deviation.

3. Results

3.1. Fabrication and Characterization of the GC Hybrid Implant

To confirm the effects of GC coating on the titanium, we used pure titanium discs as a model
implant. The GC solution was applied onto the surface of titanium discs through a spin-coating
technique to improve the functionality of pure titanium as a dental implant (e.g., improved cell
attachment and anti-biofilm formation). The hybrid implants were fabricated with three different
concentrations of GC solution (1%, 3%, and 5%) and one chitosan solution-treated surface was also
prepared as a control. To confirm the presence of GO on the surfaces of the hybrid implants, Raman
spectroscopy analysis was conducted. Figure 1a shows the Raman spectra of the 1%, 3%, and 5%
GC hybrid implants, demonstrating representative peaks of GO at the G and D peaks (near 1350 and
1590 cm−1). The G peak indicates an in-plane vibration from the sp2 hybridization of well-ordered
materials, and the D peak represents the out-of-plane vibration from the sp3 bonding and structural
defects [26]. This result demonstrated that the surfaces of the hybrid implant were successfully
integrated with GO. Next, we investigated the water contact angle and the roughness. The surface
properties, including suitable wettability and roughness, are essential to improve cell attachment and
to suppress bacteria attachment [27–29]. As shown in Figure 1b,c, the contact angle of the chitosan
solution-coated titanium was 61.5◦, and the contact angles of the GC hybrid implants were 56.2◦

(1% GC), 54.6◦ (3% GC), and 54.5◦ (5% GC). The average roughness was 114.6 ± 7.9 nm for the
chitosan-coated surface, 124.6 ± 4.7 nm (1% GC), 140.7 ± 8.8 nm (3% GC), and 149.0 ± 7.2 nm (5% GC).
Interestingly, the wettability and roughness were directly changed by the concentration of graphene,
with a gradual increase as the concentration of graphene increased. Therefore, by combining the
graphene and chitosan solutions, the surface properties, including wettability and roughness, were
successfully controlled.
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Figure 1. Characterization of the graphene–chitosan (GC) hybrid implants (1%, 3%, 5% GC) and
chitosan (C) hybrid implant. (a) Raman spectra, (b) water contact angle, and (c) roughness measurement.
The data were analyzed using one-way analysis of variance (ANOVA) (* p < 0.05).

3.2. Effects of the GC Hybrid Implant on Biofilm Formation

The activation of bacteria is detrimental to implant placement, and the suppression of biofilm
formation is crucial for the stable establishment of a titanium implant. Various bacteria are present
in the mouth, which rapidly form a biofilm. S. mutans is a representative gram-positive bacterium,
and it can stimulate early biofilm formation. To confirm the anti-biofilm formation property of the GC
hybrid implant visually, fluorescent nucleic acid staining was used. The live bacteria cells were stained
with green fluorescent nucleic acid stain and the dead bacteria cells were stained with red fluorescent
nucleic acid stain. As shown in Figure 2a, the substrates of the 1% GC hybrid implant were entirely
stained by red fluorescence, whereas the substrates of the chitosan-coated implant were mainly stained
by green fluorescence. The results of the biofilm thickness formation assay indicated that biofilm
formation was inhibited by graphene with a smaller concentration, and it was reduced by about half
that observed on the chitosan-coated implant. In addition, the crystal violet assay demonstrated that
the bacteria viability was highly regulated by the concentration of graphene, which increased as the
graphene concentration increased (e.g., antibacterial effect: 1% GC > 3% GC > 5% GC > chitosan).
To compare the bacteria viability according to the type of substrate and bacteria, the live and dead
assay was performed with both Staphylococcus aureus and S. mutans on pure glass and on the titanium
substrate (Figure S1). The confocal images showed that the GC-coated substrate could moderately
modulate the adherence of bacteria, and the antibacterial properties increased greatly regardless of the
type of bacteria and substrates. Interestingly, the GC hybrid glass and titanium implant showed high
antibacterial and anti-biofilm formation effects in contrast to pure glass and titanium.
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Figure 2. Effects of graphene–chitosan hybrid implants on bacteria activity. (a) Confocal microscopy
images of S. mutans on graphene–chitosan hybrid implants (1%, 3%, and 5% GC) and the chitosan implant
(C). Green fluorescence indicates viable cells and red fluorescence indicates dead cells (n = 10 per group).
(b,c) Quantification of biofilm thickness and optical density. The data were analyzed using one-way
ANOVA (* p < 0.05).
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3.3. Effects of the GC Hybrid Implant on Cell Viability

Cell attachment and proliferation on the surface of a dental implant are critical events after the
replacement of natural teeth with a dental implant. To confirm the morphology of osteoblasts after cell
attachment and proliferation on the surface of the prepared hybrid implant, SEM images of MC3T3-E1
cells were analyzed (Figure 3). After 6 h, MC3T3-E1 cells were mostly attached onto the surfaces of
the hybrid implant and were entangled with the GC composites. The cell viability assay showed no
differences in the extent of attachment on the implant surfaces with chitosan alone and with the GC
hybrid (Figure S2). After 5 days, MC3T3-E1 cells completely covered the hybrid implant surfaces,
and there was a wide range of the attached cells in the presence of graphene. The cell viability assay
showed the same trend, and the cell number on the GC hybrid implant was nearly 1.6 times higher
than that on the chitosan titanium surface. These findings demonstrated that the treatment of chitosan
or GC does not significantly affect cell attachment, but the proliferation of osteoblasts was greatly
influenced by the presence of graphene.
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Figure 3. Effects of graphene–chitosan hybrid implants on the activity of mammalian cells.
(a) Representative scanning electron microscope (SEM) images of MC3T3-E1 cells on graphene–chitosan
hybrid implants (1%, 3%, and 5% GC) and the chitosan (C) implant. (b) Quantification of the cell
proliferation of MC3T3-E1 cells (n = 4 per group). The data were analyzed using one-way ANOVA and
Tukey’s test (* p < 0.05).

4. Discussion

To develop an advanced dental implant, surface treatments are widely used, including physical
and chemical methods, to provide a suitable environment for improving the quantity and quality
of osseointegration. The physical method-based surface treatment can increase the surface area by
increasing roughness, and chemical method-based surface treatment with biochemical materials can
confer proper bioactivity to cells [30–32]. In this study, we used a material-based surface treatment,
with the advantages of incorporating the two types of surface treatments (i.e., physical and chemical
method-based surface treatments). Graphene has a unique physicochemical property with unparalleled
nanotopographic features, and its good biocompatibility has led to its recognition as an efficient tool for
improving the functions of biomaterials [33,34]. The various works demonstrated that the incorporation
of graphene can improve the mechanical strength owing to the high surface area and unique chemical
properties of graphene [33]. Zhang et al. developed the electrodeposited GO-titanium substrates,
showing the enhanced mechanical properties of the fabricated GO-titanium substrates than those on
the pure titanium substrates [34]. The modulus of fabricated GO-titanium substrate was increased
compared to that of the hydroxyapatite-coated titanium substrate (e.g., 1.7 GPa), and the hardness
was increased (e.g., 18 MPa). Park et al. [35,36] revealed that a graphene-layered eggshell membrane
substrate can acquire a micro- and nanoscale hierarchical wrinkled morphology without inducing
damage to the protein-based eggshell membrane, and the limitations of raw materials such as the
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structural property, chemical property, and wettability were overcome through the combination of
the advantages of the two materials. Furthermore, the authors confirmed the ability of the fabricated
substrates as an artificial extracellular matrix using stem cells. Interestingly, the stem cell morphologies
were controlled according to varying the concentration of graphene, resulting in enhanced cytoskeleton
development. In addition, the different degree of attachment of stem cells with various graphene
concentrations subsequently affected the stem cell functions, including proliferation, differentiation,
and the production of growth factor through cell–substrate interactions.

To suppress bacteria activity and biofilm formation, methods for controlling the wettability of
a surface, such as hydrophilic and hydrophobic properties, are typically employed. In particular,
a superhydrophilic and superhydrophobic surface can prevent the attachment of bacteria, which
has been applied into secondary application fields, including food packaging and storage [37,38].
The proposed GC hybrid implant showed only a slightly hydrophilic surface, but biofilm formation
was nonetheless inhibited. These findings showed that the structural and chemical properties
of graphene can influence bacterial activity. Li et al. [39] investigated the antibacterial effects
of a graphene-based nanocomposite, which was fabricated using simple electrostatic binding.
The graphene-based nanocomposites resulted in a small inhibition zone, whereas the silver-decorated
graphene nanocomposite had a greater inhibitory effect. The authors proposed that the nanoplane
structure of graphene may directly penetrate the bacteria membrane as the possible inactivation
mechanism. Although the mechanism underlying the indirect antibacterial effects is unclear, it
was attributed to the synergistic effect of graphene with microbial-produced substances. Chitosan
is a representative microbial material, and various hypotheses have been suggested for these
interactions [40–43]. The first hypothesis was that chitosan has positively charged amine groups, which
could directly react with the negatively charged bacterial membrane [43]. The second hypothesis
is that the incorporation of chitosan with metal and nanomaterials can produce toxins that inhibit
bacterial growth [42]. The third hypothesis is that chitosan on the surface of bacteria can disrupt the
nutrients and oxygen available in the environment [44]. The fourth hypothesis is that the contact of
chitosan with bacterial DNA allows for chitosan to penetrate the nuclei, leading to bacterial death [41].

Interestingly, the antibacterial properties and anti-biofilm formation effects were increased on the
1% GC hybrid implants (e.g., graphene concentration = 0.3 mg/mL) compared to the 3% and 5% GC
hybrid implants. Liu et al., demonstrated that the anti-bacteria effects of graphene, and they show the
time-dependent (i.e., anti-bacteria effects: 4 h > 2 h > 1 h) and concentration dependent (i.e., anti-bacteria
effects: 80 > 40 > 20 > 10 > 5 µg/mL) behaviors of bacteria [45]. Recently, Alayande et al. revealed
the importance of GO loading concentration per area [46]. They used GO with various concentration
(e.g., 0.0078 mg/mL, 0.0156 mg/mL, 0.0313 mg/mL, 0.0625 mg/mL, 0.125 mg/mL, 0.25 mg/mL, and
0.5 mg/mL), and high concentration of GO with the increased roughness could be generated the deep
valley structure, which might cause the increased performance of bacteria attachment. In addition, they
reported that the increased hydrophobic force and π–π interactions between the high concentration of
graphene and bacterial cell membranes may overcome the electrostatic repulsion, and the bacteria
attachment was maintained on the surfaces. Taken together, these reports with our current results
suggest that the GO with highly increased concentrations might trigger the attachment of bacteria,
inducing the accelerated bacterial activity.

Graphene has numerous advantages as a dental implant, and the limitations of graphene such
as its minimal antibacterial effects have been vastly improved through incorporation with chitosan.
Therefore, we demonstrate that graphene has good potential as a promising alternative to traditional
surface treatments, and a graphene-incorporated implant might be used for fabrication of a dental
implant with high osseointegration ability.

5. Conclusions

In this study, we propose a GC hybrid dental implant with enhanced antibacterial and
cell proliferation properties. Using a spin-coating technique, GC nanocomposites with various
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concentrations were successfully coated onto the surfaces of a titanium implant, and the surface
properties, including wettability and roughness, were changed. The GC hybrid implant suppressed
bacterial activity and biofilm formation, and also enhanced the proliferation of osteoblasts. These
findings provide a rational design for the development of a hybrid dental implant, which can also
be extended to the development of other implants with changed surface properties. In particular,
the proposed GC hybrid dental implant can be used as an effective implant scaffold for achieving
enhanced osseointegration.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/14/4888/s1:
Figure S1: Effects of graphene–chitosan hybrid implants on bacterial activity. (a) Confocal microscopy images
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of S. mutans on pure titanium and a 1% graphene–chitosan hybrid titanium substrate. Figure S2: Effects of
graphene–chitosan hybrid implants on the attachment of mammalian cells. Table S1. Composition of artificial saliva
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