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Abstract: In this study, the innovative dip-coating technique treated titanium (IDCT-Ti) implant with
tetrapeptide Gly-Arg-Gly-Asp (GRGD) coating was investigated for its potential to enhance osseoin-
tegration. The L929 fibroblast cells were cultured in different concentrations of the GRGD (1%, 2%,
and 5%). The cell viability was assessed through 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assay and live/dead staining. The surface topography and nano-indentation were
analyzed by atomic force microscopy. The hemocompatibility was evaluated via field-emission scan-
ning electron microscopy, while contact angle analysis was detected by a goniometer. Radiograph
evaluation was determined by panoramic imaging. It was found that the cell growth increased
and had a survival rate of more than 70% in 1% GRGD. The mortality of L929 increased with the
higher concentration of GRGD. The IDCT-Ti coated with 1% GRGD showed a nano-surface with a
Young’s modulus that was similar to human cortical bone, and it displayed greater red blood cell
accumulations with abundant fibrin formation. As regards the wettability, the IDCT-Ti coated with
1% GRGD was lower than the SLA (sandblasted, large-grit, and acid-etched) treated implant. The
X-ray image exhibited no bone loss around the implant at six months after placement. As a result,
this study suggests that the IDCT-Ti implant, coated with 1% GRGD, has a tremendous likeliness to
enhance osseointegration.
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1. Introduction

The success rate of dental implants depends on osseointegration, which is initiated by
cell adhesion when the implant surface meets the surrounding tissue [1–7]. Osseointegra-
tion failure is characterized by the instability or loosening of the implant, periimplantitis,
and bone resorption [1,8–11]. Osseointegration is accomplished through two phases in-
volving primary or mechanical stability, which is recognized after implant placement, and
secondary or biological stability related to the healing process [12]. As such, it is crucial to
perform various surface modifications to the implant where osseointegration occurs.

Dental implants generally use titanium (Ti) material, which has mechanical and
biocompatible properties, yet these are insufficient to cause this material to be well-accepted
and not considered as a foreign object, which leads to rejection by the body [9,10,13]. It
is believed that the improvement of the mechanical, physical, and biological properties
of the implant material, through surface modification, can overcome these obstacles to
promote better bone contact to the implant surface, which in sequence can accelerate the
osseointegration [14,15]. Of the various implant surface modifications, the sandblasted,
large-grit, and acid-etched (SLA) surface treatment method is most often used to elevate
the mechanical and physical properties of the implant, while biochemical methods can
enhance the biological properties in the form of increased adhesion and cell migration
by immobilization or delivery of various proteins, enzymes, or peptides on the implant
surface [4,13,16,17].

The current study focuses on surface functionalization using peptides that allow
the adhesion of cells to the implant surface, which has previously been treated by an
innovative dip-coating technique (IDCT) [13]. In our previous study, surface modification
with IDCT involved the application of polymer pluronic F127 (PF127), which acts as a
scaffold with its amphiphilic properties and which not only improves wettability but also
exhibits antibacterial action to induce the healing process [13,18]. However, the weak
interaction with cells, and the lack of protein adsorption, were to be the shortcomings of the
polymer that could have a negative impact on cell adhesion to the implant surface [16,19].
Several in vivo studies have displayed that type I collagen containing the amino acid
sequence Arg-Gly-Asp (RGD) was useful to speed up fixation between the implant and
the surrounding bone, and lead to the acceleration of osseointegration by enhancing cell
adhesion, differentiation, and extracellular matrix (ECM) secretion [15,17]. Therefore, this
study used Arg-Gly-Asp (RGD) peptide to mediate cell adhesion to the scaffold. The ability
of RGD peptides to bind with integrin receptors leads to increased cell adhesion and its
functions [6,20]. It was reported that the tetrapeptide Gly-Arg-Gly-Asp (GRGD) peptide
sequence derived from fibronectins will bind to integrins and other ECM proteins [5].
Moreover, the GRGD peptide was also reported to be useful in modifying the Ti implant
surface [21]. As mentioned above, the present study aimed to evaluate the IDCT-Ti implant
coated with GRGD peptide in promoting osteoblast behavior to increase osseointegration.

2. Materials and Methods
2.1. Materials Preparation

The current study used a Ti dental implant that was surface-treated with IDCT as in our
previously reported study [13]. Briefly, the IDCT process was performed by treating the Ti
implant with SLA followed by coating the implant with PF127 [13]. The IDCT-Ti implant
was then crosslinked with different concentrations of the GRGD peptide (1%, 2%, and 5%)
through the dip-coating technique. This crosslinking process was carried out by soaking the
IDCT-Ti implant for 15 min in the GRGD solution at 4 ◦C, and drying the samples in an oven
with a maintained temperature of 30 ◦C for 5 h. For easy classification, the IDCT-Ti implants
coated with 1%, 2%, and 5% GRGD are denoted as IDCT-Ti/GRGD-1, IDCT-Ti/GRGD-2, and
IDCT-Ti/GRGD-5, respectively. The machined and SLA-treated Ti implant was adopted as a
control for surface topography evaluation, the machined Ti implant for the hemocompatibility
assay, and the SLA-treated implant for contact angle analysis.
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2.2. Topography and Nano-Indentation Analysis

The Young’s modulus on the surface of the tested implant was calculated by means
of nano-indentation using a Berkovich diamond indenter tip (Asmec-UNAT-M, Dresden,
Germany). The indentation experiments were operated under a 10 mN load of force for
5 s of hold time. An average of triplicates per sample was performed in the study. The
high-resolution atomic force microscope (AFM; Nanoscope III D5000, Veeco Instruments Inc.,
Plainview, NY, USA) with a silicon probe working in tapping mode was applied to analyze the
topography and post-nano-indentation features of the investigated samples. The investigated
samples were captured with 512 pixel-resolution and the scan rate was 1 Hz.

2.3. Cell Culture and MTT Assay

The fibroblast cell line (L929, ATCC CCL-1, The Bioresource Collection and Research
Center, Hsinchu, Taiwan) was used in this study. The L929 cells were plated in 3 sets of tripli-
cates for each investigated sample, in a 24-well culture plate (1 × 104 cells per well density)
with Dulbecco’s modified Eagle minimum essential medium (DMEM, Gibco, Waltham, MA,
USA), supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, and then
incubated in a humidified 5% CO2 incubator at 37 ◦C for 24 h. The tested GRGD peptides,
over a range of concentrations (0% or control, 1%, 2%, and 5%), were added into the L929 cell
culture wells and were incubated for an additional 24 h. After 24 h of incubation, 50 mL of
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT, Sigma, Taipei, Taiwan)
solution was added into each culture well and the culture plate was incubated for 4 h in a
humidified atmosphere to form the formazan solvent precipitates. The precipitated formazan
was solubilized in 150 mL of dimethyl sulfoxide (Sigma, Taipei, Taiwan), and absorbance
was read at 595 nm using an Epoch microplate reader (BioTek Instruments Inc., Winooski,
VT, USA). A short-term culturing experiment was used to investigate its acute cytotoxicity
response according to ISO 10993-5 specification.

2.4. Cell Live/Dead Assay

The cell viability of L929 in different concentrations of GRGD peptide was evaluated
via the live/dead kit after 24 h of incubation according to the manufacturer’s instruction.
Cells encapsulating the GRGD peptide were incubated at 25 ◦C for 30 min in a solution
of 2.0 µM calcein acetoxymethyl ester (calcein-AM, Sigma, Taipei, Taiwan) to produce
green fluorescence in live cells and 4.0 µM ethidium homodimer-1 (EthD-1; Sigma, Taipei,
Taiwan) to produce red fluorescence in dead cells. Cell viability was subsequently observed
through an FV1000/IX81 inverted fluorescence microscope (Olympus, Tokyo, Japan).

2.5. Contact Angle Analysis

The contact angle measurement of the investigated samples was analyzed using deion-
ized water and blood by the sessile drop method and the immersion method, respectively.
The sessile drop method was performed by dropping a 0.05 mL deionized water/blood
droplet onto the investigated implant surface, maintaining a constant distance of 10 mm
during the dropping process. Afterwards, the contact angle, meaning the angle that formed
from the liquid droplets and the implant surface, was evaluated using a GBX digidrop
goniometer (GBX Scientific LTD., Romans-sur-Isère, France). The immersion method was
examined by bringing the apical part of the implant closer to the surface of the liquid
(deionized water/blood) at a feed rate of 0.5 mm/s and it was immersed for 20 s. Finally,
the immersion results were observed using a Phantom V310 digital high-speed camera
(Vision Research Inc., Wayne, NJ, USA).

2.6. Hemocompatibility Assay

The hemocompatibility of the investigated sample was assessed using a 20 min red
blood cells (RBC) morphology clotting time. Before being analyzed, the ethylene oxide
was used to decontaminate the investigated samples within 24 h. After the sterilization
process, the sample was put in a centrifuge tube with a capacity of 15 mL. Afterwards, the



Appl. Sci. 2021, 11, 2616 4 of 12

investigated sample was dripped with 100 µL of blood, and allowed to coagulate at 37 ◦C
for 20 min. The sample was then soaked in demineralized water at room temperature
for 10 min to eliminate the uncoagulated blood that was found on the sample surface.
Thereafter, the sample was fixed in 2% glutaraldehyde solution at 37 ◦C for 1h. The sample
was then washed and rinsed with phosphate-buffer saline solution; air dried; and sputter
coated with 25 nm of platinum films to enhance electrical conductivity. Subsequently, the
investigated samples were analyzed using a JSM-6500 field-emission scanning electron
microscope (FE-SEM; JEOL Ltd., Tokyo, Japan) operated at 25 kV.

2.7. Radiograph Evaluations In Vivo

The radiograph evaluation after implant placement was performed according to
the clinical protocols that have been approved by the Taipei Medical University—Joint
Institutional Review Board under the project identification code of TMU-JIRB 201301009,
followed by ISO 1455 regulations. The dental implant (n = 15) was placed in 15 patients,
following a one-stage surgery protocol. The surgical procedure was performed in standard
aseptic surgical conditions. Local anesthesia was conducted on the site that was receiving
the implant. Subsequently, a full-thickness crestal incision was made along the crest of
the ridge, and elevated (Figure 1a). The implant was placed in the prepared osteotomy
area and flap closure was performed by suturing around the implant without tension
(Figure 1b). Finally, panoramic X-ray radiography was taken immediately and six months
after placement.

Figure 1. Surgical procedure of the investigated titanium (Ti) implant: (a) Full-thickness flap elevation
and (b) dental implant placement.

2.8. Statistical Analysis

The statistical analysis with student’s t-test function by SPSS software version 19.0
(SPSS Inc., Chicago, IL, USA) was applied in this study and determined as statistically
significant at p < 0.05. All results were presented in means ± standard deviations.

3. Results
3.1. Comparisons of Surface Characteristic and Young’s Modulus

The topography features of the machined, SLA-treated, and IDCT-Ti/GRGD-1 im-
plants under AFM observation are displayed in Figure 2. Clearly, the machined surface
implant exhibited a relatively smooth surface and some regions that were scratched as
a consequence of the machining process (Figure 2a). The SLA-treated implant showed a
rougher granular and irregular surface (Figure 2b), while the IDCT-Ti/GRGD-1 implant
revealed a uniform nano-porous surface (as indicated by arrows, Figure 2c). Moreover, it
was found that the Young’s modulus of the machined, SLA-treated, and IDCT-Ti/GRGD-1
implants was 86.7 ± 3.1 GPa, 83.0 ± 1.4 GPa, and 28.7 ± 2.2 GPa, respectively. This result
exhibited that the IDCT-Ti/GRGD-1 implant has a relatively low modulus of elasticity,
which is closer to that of the host bone than other implants with various surface treatments.
Similar results can also be found in the IDCT-Ti/GRGD-2 and IDCT-Ti/GRGD-3 implants.
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Figure 2. The topography features of the (a) machined, (b) sandblasted, large-grit, and acid-etched
(SLA)-treated, and (c) IDCT-Ti implants coated with 1% Gly-Arg-Gly-Asp (IDCT-Ti/GRGD-1) im-
plants under atomic force microscope (AFM) observation (5 µm × 5 µm).

3.2. Biocompatibility in Different Concentrations of the GRGD Peptide

Figure 3 illustrates the cell viability of L929 in different concentrations of the GRGD
peptide for 24 h. It is obvious that the cell viability was increased by the 1% GRGD peptide
and only the 1% GRGD peptide had a cell survival rate of more than 70%. Based on ISO
109993-5, it is considered an acute cytotoxic potential if the cell viability of the sample is
reduced to <70% of the blank. Figure 4 shows that the lethality of L929 was raised with the
increasing concentration of the GRGD peptide. After the L929 cells were exposed to higher
concentrations of GRGD peptide for 24 h, it was revealed that the cells showed intolerance.
This finding is in agreement with the results of the MTT assay.

Figure 3. Effect of the GRGD peptide, with different concentrations, on the viability of L929 cell
evaluated by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay. (* p < 0.05
and ** p < 0.01).
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Figure 4. The result of the live/dead cell assay after the L929 cells were cultured in different
concentrations of the GRGD peptide for 24 h. Magnification = 10×.

3.3. Wettability of the Investigated Implants

The wettability of the SLA-treated, and GRGD coated, IDCT-Ti implants was assessed
by the dripping and immersion test as shown in Figure 5. The average contact angle in
the dripping test for the SLA-treated implant was 75.5 ± 6.8◦ (deionized water, Figure 5a)
and 135.1 ± 2.8◦ (blood, Figure 5b), while the IDCT-Ti/GRGD-1 implant in both deionized
water and blood was nearly 0◦. Furthermore, both deionized water and blood were raised
along the thread of the IDCT-Ti/GRGD-1 implant to an average height of 2.5 ± 0.2 mm
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and 3.0 ± 0.3 mm, after being immersed for 20 s, respectively. Obviously, both deionized
water and blood appeared to be wetting and adhering to the IDCT-Ti/GRGD-1 implant as
compared with the SLA-treated implant. A similar finding could also be observed when
the Ti implant was subjected to a coat with a higher concentration of GRGD peptide (i.e.,
IDCT-Ti/GRGD-2 and IDCT-Ti/GRGD-3 implants).

Figure 5. Wettability of the SLA-treated and IDCT-Ti/GRGD-1 implants under the dripping and
immersion test: (a) deionized water test and (b) blood test.

3.4. Hemocompatibility of the Investigated Implants

Figure 6 shows the FE-SEM of RBC morphology for the untreated Ti implant and IDCT-
Ti/GRGD-1 implant. Apparently, the untreated Ti implant exhibited less RBC accumulation
(Figure 6a) than the IDCT-Ti/GRGD-1 implant surface. Figure 6b depicts an RBC trapped
in abundant fibrin (as indicated by arrows) which is crucial in the wound-healing process.

Figure 6. The FE-SEM images of RBC morphology on the (a) untreated Ti implant and (b) IDCT-
Ti/GRGD-1 implant.
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3.5. Radiograph Evaluations of the IDCT-Ti/GRGD-1 Implant

The panoramic view obtained from the IDCT-Ti/GRGD-1 implant, immediately and
six months after placement, as shown in Figure 7. This figure represents the placement of
the IDCT-Ti/GRGD-1 implant in the following different sites in the jawbone: Figure 7a as
representative of implant placement in the mandibular region; Figure 7b for the maxillary
region; and Figure 7c for the maxillary and mandibular region. Based on the results of the
panoramic image, no bone loss was found after 6 months of implant placement, which
indicates a supportive osseointegration around the implant.

Figure 7. The panoramic of IDCT-Ti/GRGD-1 implant in (a) mandibular, (b) maxillary, and (c) maxillary and mandibular
region, immediately and six months after placement. Note: figure (b) after immediate implant placement is the picture that
was reconstructed from the cone-beam computed tomography.

4. Discussion

Surface modification of dental implants is essential in increasing the interaction be-
tween the implant and the surrounding bone, which will affect the osseointegration through
the increasing number of cells adhering to the surface of the implant. The IDCT-Ti implants,
coated with GRGD peptide, allow the increase in osteoblast adhesion and proliferation. The
formation of bone around a foreign object such as an implant is a very complicated process.
Both implants and substances that induce bone formation must function to support one
another. Dental implants based on titanium are carriers of substances that can increase bone
formation, and have characteristics that include high biocompatibility, good mechanical
properties, can be combined with various inducing factors for bone formation, and do not
inhibit bone formation induced by inducing factors [22]. The IDCT-Ti itself has facilitated
the implant surface to simulate the ECM, which is crucial for cell attachment [13]. The
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peptide represents a small part of the protein that is responsible for intercellular and ECM
adhesion, while RGD is a peptide motif found in ECM proteins whose adhesion is integrin-
mediated [11,23]. The ECM consists of various cell identification motifs such as fibronectin,
vitronectin, laminin, collagen I, and bone sialoprotein, whereas the small peptide only
provides a single motif [16,24–26]. Hence, the RGD peptide motif can selectively determine
the type of cell adhesion receptor [16]. As a sequence of RGD, the GRGD peptide was
reported to bind mostly to osteoblast cell activity [21].

The increase in GRGD peptide concentration appears to be directly proportional to
cell death. Accordingly, GRGD in low concentrations emerges to be the best option for
modifying the implant surface. This finding matches with our earlier study that also used
low concentrations of GRGD to increase the adherence of fibroblast cells, and human hair
follicle-derived mesenchymal stem cells [19]. Interestingly, not all RGD sequences show
this phenomenon. Possible reasons for cell death include: (1) Cells have several integrin
binding-receptors to RGD. If the binding receptors are related to the activation of the
apoptotic response, there will be differences in cell sensitivity to RGD and its sequence.
Conversely, if the binding is unrequired, the integrin receptor can still bind to peptides.
(2) Osteoblast cells are sensitive to GRGD sequences, and in high concentrations they can
cause loss of cell viability. (3) Peptide concentrations are associated with the formation of a
peptide solution. The increase in peptide solution causes elevation in the detachment rate
of focal adhesions at the back of the cell, which will increase cell migration and prevent cell
reconvene [27,28].

The surface topography of the implant also affects cell characteristics. The nano-surface
will alter the adhesion, motility, spread, proliferation, and differentiation of cells [1,10,29,30].
The nano-surface can also influence cell adhesion selectively, which is why osteoblast adhesion
was more than fibroblast [30]. The topography of the implant also affects its success, not only
in terms of cell adhesion but more towards the stability of the implant itself. Bone loss is one of
the signs of implant failure, the major cause of which is excessive stress, while after insertion
and when the implant is starting its functioning, it will be subject to various pressures [31–33].
Therefore, the implant should transfer the stress to the surrounding bone fairly. A study shows
that threaded dental implants produce twice the stress of implants with a porous surface [34].
In the present study, the IDCT-Ti/GRGD-1 implant exhibited a uniform nano-porous surface.
This condition is formed from surface modification with a polymer [35–38]. Furthermore, the
nano-surface is known to transfer stress uniformly [34]. The main problem when implants
replace missing teeth is that their mechanical properties are not identical with the bone and
the teeth being replaced. Implants with higher elastic modulus will adsorb all the load, which
creates a stress shielding effect and leads to bone loss [33]. According to the nano-indentation
analysis, the Young’s modulus of the IDCT-Ti/GRGD-1 surface was equivalent to cortical
bone (~20 GPa), which would reduce the stiffness of the implant and prevent bone resorption
around the implant [13,33,39].

The hemocompatibility assay of the IDCT-Ti/GRGD-1 implant revealed that the
amount of RBC aggregation accompanied the presence of copious fibrin. This result is
markedly different from our previous study using IDCT surface-modified implants without
peptide involvement. The IDCT-Ti implant had less fibrin than the IDCT-Ti/GRGD-1
implant [13]. Fibronectin is required by fibrinogen to assemble in the ECM [40]. The
presence of fibrinogen will cause the ECM to mediate cell migration and restore the matrix
during tissue repair [21]. Fibrin will support the wound healing process, both soft and
hard tissues, which will consequentially affect the osseointegration [7,41]. The soft tissue
healing will create a physical seal on the bone around the implant, protecting from oral
environment contamination such as bacteria [41]. Since implant placement causes injury in
the jawbone, it will induce wound healing as hemostasis and coagulation, granulation of
tissue formation, bone formation, and remodeling [42].

The good hemocompatibility is related to the wettability, which allows the absorp-
tion of various biological fluids, proteins, and cells [13,29]. The wettability of the IDCT-
Ti/GRGD-1 implant using a water test is in line with our previous study, which was
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obtained from the involvement of super hydrophilic PF127 on the surface-modified im-
plant with IDCT [13]. In the current study, the wettability measurement was not only
performed using deionized water, but also using blood. Both fluids have a different viscos-
ity, with a blood viscosity (3.49 cPo) higher than water (1 cPo) [43]. Indeed, lower viscosities
are more absorbable compared to higher viscosities. Moreover, blood is the fluid that first
makes contact with the implant, and the osseointegration begins [43–45]. A surface is
hydrophilic if it has a contact angle of less than 90◦, super hydrophilic if it approaches 0◦,
while a surface is hydrophobic if the contact angle exceeds 90◦, and superhydrophobic if
it is higher than 150◦ [46,47]. The present study has found that the contact angle pattern
of blood is similar to water, which is close to 0◦. The SLA implant reveals hydrophilic
surface properties when subjected to a water test, whereas when using blood, the SLA
implant is almost superhydrophobic. Contrarily, another study also used blood to assess
the wettability, and it was found that the contact angle at the SLA-treated implant was
about 27◦ [44]. The difference in results may be due to the measurement of the contact
angle performed on flat discs, which cannot represent the actual implant surface [46,47].
Furthermore, wettability is closely related to surface energy; a lower contact angle indicates
high surface energy, which means it can allow the liquid to spread and adhere more widely
to the implant surface [47,48].

Osseointegration can be assessed through intraosseous implant stability using X-
ray [14,49]. In this study, the absence of radiolucency as a sign of bone resorption surround-
ing the implant demonstrates the stability of the intraosseous implant that was observed
6 months after placement. The quality and quantity of bone, and the location of implant
placement in the jaw, also determines the success of the dental implant [50]. The bone qual-
ity in the posterior maxilla is lower than in the mandibular [51]. Hence, the survival rate
for the implant that was placed in the maxilla is lower than that in the mandibular [7,52].
In our study, the implant placement in both maxilla and mandibular showed good stability,
indicating satisfactory osseointegration. Accordingly, the GRGD-coated IDCT-Ti dental
implants could be favorable for bone tissue regeneration, which promotes prosperous
dental implants. Finally, additional research needs to be carried out to corroborate the
bone healing and osseointegration potential of the GRGD-coated IDCT-Ti dental implant
in terms of clinical application with a greater sample size, as well as various and longer
follow-up periods.

5. Conclusions

The surface modification with GRGD peptide was performed on the IDCT-Ti implant.
It was found that there was a positive impact on the implant surface characteristics, com-
prising topography, hemocompatibility, and wettability, which are related to increased
adhesion of osteoblast cells on the IDCT-Ti/GRGD-1 implant surface, and leads to osseoin-
tegration. These results have been supported by the absence of radiolucency, indicating
non-appearance of bone loss around the implant on the radiographic examination six
months after implant placement.
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