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Purpose: Nano-engineering techniques have significantly enhanced the various aspects of dentistry, with notable advancements,
especially in dental implant surface modification. Dental implants are among the most significant and highly successful developments
in contemporary dentistry. The use of nanotechnology for surface modification of zirconia ceramic implant increases interaction with
surrounding bone cells, and ultimately leading to increase osseointegration.

Materials and Methods: Glow discharge plasma was utilized to graft allylamine and fibronectin nanoproteins onto the surface of
zirconia implants. A total of 18 implants were placed in right and left femurs of nine New Zealand rabbits. Implant stability test (IST),
3D bone reconstruction and micro-CT (uCT) analysis, bone-implant contact (BIC) from histomorphometry analysis, and osteogenic
gene expression were analyzed after scarification at 4, 8, and 12 weeks.

Results: IST results demonstrated a significant secondary stability gain at the end of 12 weeks. The surface-treated group obtained
a gradual increase in marginal bone level. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis revealed
increased expression of osteogenic genes of alkaline phosphatase (ALP) and transcription factor SP7 (SP7) biomarkers at 4 weeks.
Osteoprotegerin (OPG) expression increased at 8 weeks, while runt-related transcription factor 2 (RUNX2), collagen 1A1 (COL1),
bone sialoprotein (BSP), and receptor activator of nuclear factor k B (RANK) exhibited the highest expression at 12 weeks.
Importantly, histomorphometric analysis of BIC indicated that new bone formation was significantly higher in the A50F10 group
compared to the control group at 12 weeks (P < 0.001).

Conclusion: Based on the above findings, we conclude that the nanorough zirconia implant surface grafted with fibronectin
nanoproteins prominently stimulated cellular activity and improved osseointegration properties. These results evidence its potential
for future applications in dental implant surface modifications.

Keywords: nano-roughness, surface modification, glow discharge plasma, zirconia implants, osseointegration, fibronectin

Introduction

Nanomedicine and nanotechnology have transformed numerous healthcare sectors, including dentistry.! With the
introduction of nanoscale materials and techniques, there have been substantial advancements in enhancing dental
treatments and improving patient outcomes. The development of innovative diagnostic instruments has given rise to
earlier and more precise detection of dental diseases due to advancements in nanotechnology.” In addition, incorporating
nanoparticles into dental materials has resulted in restorations that are more durable and have superior aesthetics, as well
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as antibacterial properties.®* In implant dentistry, nanotechnology facilitates the precise modification of surfaces, thereby
reducing the risk of infection and improving osseointegration.

Recently, new paradigms regarding the characteristics of biomaterials have emerged, and zirconia (Zr) continues to be
a biomaterial of considerable interest in medicine and dental applications. It has been proposed as a possible alternative
to titanium (Ti), and has demonstrated excellent long-term outcomes in clinical studies. Zirconia implants show a five-
year survival rate of approximately 97.2%, which is comparable to that of titanium implants. Clinical assessments
provide similar outcomes for the health of the peri-implant tissue, with indicators such as probing depth (PD) and
marginal bone loss (MBL) showing good integration with the surrounding tissues.” Moreover, Zr implants have several
advantages, such as reduced bacterial adhesion and the risk of peri-implantitis.® However, it has one major drawback of
its bioinert surfaces, which impede contact with neighboring osteoblasts. This surface topography limits the potential
osseointegration of Zr implants with the surrounding bone.” This is where nanotechnology comes into play. Scientists
have attempted to improve the surface characteristics of Zr implants and their interaction with nearby bone cells by
developing nano-surface designs. The nano-topography of dental implants is believed to affect cell-implant contacts at
both cellular and structural levels.®’

Various types of nano-surface modification modalities include laser structuring, plasma treatment, electrochemical
anodization, nanoparticle spraying, and ion-beam assisted deposition. These methods are used to improve surface energy
and interaction between bone cells and implant surfaces.''" Moreover, it has been shown that the nano-hydroxyapatite
and chitosan modified scaffolds in calvarial defects of rat models provide an effective space and improves the new bone
regeneration from histological and histomorphometric analysis.'> Among them, a recent advancement includes the use of
glow discharge plasma (GDP) to graft biologically active nanoproteins onto the surface of dental implants to mimic
a biological environment. GDP is a versatile tool that can graft proteins at the nanoscale, providing precise surface
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modifications essential for advanced biomedical applications. It can activate surfaces by introducing functional groups,
such as hydroxyl, carboxyl, or amine groups, that can chemically bond with proteins."?

GDP treatment typically involves generating a low-temperature, non-thermal plasma in a controlled atmosphere,
which modifies the surface with functional proteins and grafts these nanoparticles onto the surface of biomaterials
without altering the bulk material.'"* Most importantly, the GDP technique combined with bioactive amine and
fibronectin nanoproteins has been proven to improve surface hydrophilicity, create a nano-rough surface, and ultimately
facilitate osteogenic properties of Zr disks in in vitro study.'> In addition, research on the effects of glow discharge
plasma surface modification on zirconia implants have shown that GDP-treated surfaces facilitate osteoblastic cell
differentiation and promote greater integration with bone tissue. Studies indicates that GDP-treated surfaces also reduce
bacterial adhesion, notably decreasing the colonization of Porphyromonas gingivalis, a primary pathogen associated with
peri-implantitis. Therefore, GDP treatment provides a more favorable environment for bone cell proliferation while
simultaneously reducing the risk of bacterial attachment, compared to conventional modifications such as acid etching or
sandblasting.'®'’

Fibronectin (FN) is a high-molecular weight (~500-~600 kDa) glycoprotein consists of two identical strands with the
capability to bind integrins and various matrix components.'® FN proteins (length 61 nm, diameter about 2 nm) have
been pronounced as nano-proteins and extracellular glue since they have the ability to bind molecules from the
extracellular matrix, signaling molecules, and cell adhesion molecules.'®'? Grafting fibronectin nano-proteins by
utilizing GDP obtains the surface roughness at a nano-scale level and enhances the biological interactions between the
implant and the surrounding tissue, leading to better clinical outcomes.'> Despite the benefits of grafting fibronectin
proteins at the nanoscale level on Zr implant surfaces, it is important to recognize the lack of clinical and in vivo
investigations. Therefore, this research highlights the use of GDP nanotechnology to graft fibronectin nanoproteins and
aims to validate the improved osseointegration properties of Zr dental implants in animal models.

Materials and Methods

Zirconia Implant Sample Preparation

Pure Zr screw-shaped tetragonal yttria-stabilized zirconia (Y-TZP) implants having high corrosion resistance and high
fracture resistance and toughness values of 13.8 MPa (by ZiBone®™ Coho Technology Co. Ltd., Taipei, Taiwan) with
3.6 mm diameter, 10 mm length, and 2.5 mm smooth collar were used in this study. The samples were subjected to
ultrasonic cleaning, followed by sterilization using an autoclave at 121°C for 30 minutes. The samples obtained in the
step are termed as control. Following low thermal plasma treatment with argon at 85 watts for 30 minutes, the samples
underwent exposure to the amine organic compound in a plasma reactor (Figure 1) at 50 watts with 13.56 MHz and 100
millitorrs pressure parameters for 30 minutes. The samples were named as A50.

The samples were subsequently submerged in a 3% glutaraldehyde solution for 30 minutes to promote a chemical
chain reaction between allylamine (A) and fibronectin (FN). Following rinsing with phosphate-buffered saline (PBS), the
Zr implants were immersed in fibronectin solutions at a concentration of 10 pg/mL (Sigma-Aldrich, MA, USA) for
24 hours to graft the fibronectin proteins onto the Zr surface. Ultimately, the samples were immersed in a Tris buffer
solution (Wako Pure, Osaka, Japan) with pH 7.4 for 30 minutes. The final Zr implants were labeled as AS0F10
(Figure 2). Before animal surgery, all implants underwent a 12-hour sterilization process using ultraviolet irradiation.

Animal Model and Surgical Procedure

The animals received humane care following the Principles of Laboratory Animal Care as mandated by the Institutional
Animal Care and Use Committee (IACUC) of Taipei Medical University (TMU) and Master Laboratory Co., Ltd.,
(Taiwan) and in compliance with ARRIVE guidelines (IACUC number: LAC-2020-0124). Nine adult male New Zealand
rabbits (mean age: 12 weeks, mean weight: 2.2 kg) were carefully selected as experimental subjects. The animals were
housed in individual cages with a humidity level of 55% and a temperature of 19 °C. They were provided with standard
rabbit chow and had continuous access to water ad libitum throughout the study. Animals were taken for the surgery
procedures by two experienced operators. Anesthesia was administered with the uttermost caution to assure the safety
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Figure 2 Flowchart of samples preparation procedures and experimental design.
Abbreviation: Ar, argon; GDP, glow discharge plasma; AA, allylamine; A50, allylamine 50 watts; A50F10, allylamine 50 watts, and fibronectin 10 pg/mL; FN, fibronectin.

and welfare of the animals. In the gluteal region, an intramuscular injection of 50 mg/mL Zoletil 50 (Virbac Inc, Carros
Cedex, France) was administered at a dosage of 15 mg/kg. A ten-minute interval elapsed after anesthesia was allowed to
ensure that the animals were sufficiently sedated prior to the commencement of surgical procedures.

The surgical procedure was conducted as follows: after establishing aseptic conditions, the surgical sites, including
the femur, knee, and tibia on both hind legs, were prepared with shaving, draping, and iodine sterilization. A 20 mm
straight midline incision was made, starting at the knee and exposing the femur and femoral line through tissue dissection
and saline irrigation. Implant placement preparations were executed on the coronal aspect of the left and right femurs
using drills, starting with 2.0-mm pilot drills and progressing to 3.5-mm surgical drills. Control pure Zr implants and
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experimental ASOF10 implants were installed at the top side of each femur. All Zr dental implants were inserted by
a blinded operator with an insertion torque of 35 Newtons/cm (Ncm) until the smooth implant surface reached bone level.
At 4, 8, and 12 weeks post-surgery, nine rabbits were randomly selected for sacrifice using CO, asphyxiation following
an intramuscular injection of Zoletil 50 (50 mg/mL) at 15 mg/kg into the gluteal region.

Implant Stability Test (IST)

A modified damping capacity analysis device (Anycheck, Neobiotech, Korea) which measures implant stability on
a scale of 1 to 99 was used. The tapping motion was set to sequences of six taps and ceasing tapping if implant stability
was deemed inadequate. High stability is indicated by an IST score greater than 65, while moderate stability is indicated
by an IST score between 60 and 64. The IST was determined by aligning the instrument parallel to the ground and 90° to
the long axis of the implant. When the angle between the device and the ground exceeds 30°, the control function of the
device terminates the percussion test, thereby minimizing measurement errors caused by exceeding the allowable

measurement angle.

Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted with TRIzol reagent (Thermo Fisher Scientific, USA), and then reverse transcribed into cDNA
using the Reverse Transcription Kit (Thermo Fisher Scientific, USA). Total RNA concentrations were determined by
nanodrop (Implen Nanophotometer, Germany). Quantitative PCR was performed with SYBR Green PCR Master Mix
(Thermo Fisher Scientific, USA) on a Roche LightCycler 480 system (Roche Molecular Systems, Inc., Pleasanton, CA,
USA). Gene expression of alkaline phosphatase (ALP), transcription factor SP7 (SP7/Osterix), osteoprotegerin (OPG),
receptor activator of nuclear factor k B (RANK), runt-related transcription factor 2 (RUNX2), collagen 1A1 (COL1), and
bone sialoprotein (BSP) were measured. The list of forward and reverse primers is shown in Table 1.

Micro-Computed Tomography (uct)

Within 4-,8- and 12-week timeframes, sample blocks were first fixed in 10% buffered formalin (Dow Chemical
Company, MI, USA) for 48 hours. Subsequently, micro-computed tomography (uCT) scanning analysis (SkyScan
1176, Bruker Micro-CT, Kontich, Belgium) were conducted at TMU Laboratory Animal Centre. An extensive series
of three-dimensional (3D) morphological analysis was initiated in order to conduct a thorough assessment of bone
morphology. During this stage, samples were selected with great care based on their grayscale density, paying specific
attention on units with densities between 20 to 80. By employing this criterion for selection, we ensured that our analysis
was concentrated on the pertinent data.

Table | Forward and Reverse Primer Sequences

Gene Symbol | Forward primer sequence (5'-3") Reverse primer sequence (5'-3")

GAPDH AAA AAC CTG CCA AAT ATG AT CAG TGA GGG TCT CTC TCT TC

ALP CTT GTG CCT GGA CGG ACC CT TGG TGC ACC CCA AGA CCT GC

SP7/Osterix TGG CGT CCT CCC TGC TTG TGC TTT GCC CAG AGT TGT TG

OPG GAA GGG CGC TAC CTT GAG AT GCA AAC TGT ATT TCG CTC TGG

RANK TGT GGC ACT GGATCA ATG AG GTC TTG CTG ACC AAT GAG AG

RUNX2 ATG CTT CAT TCG CCT CAC ACT GCT TGC AGC CTT AAAT

COLI AGG GTC CCA ACG AGATCG AGATCG | TAC AGG AAG CAG ACA GGG CCA ACG TCG
BSP ATG TTT TTG TGG GGT TGT AGG GT CTA ACC GAA ACC AAT CAA CAA CCA
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Morphometric analyses were conducted using data viewer software (Billerica, MA, USA), with acquisition para-
meters determined by the pixel within 3, 6 to 9 pum; rotation angles of 0.3°-0.45°-0.7° (for 600 or 400 projections),
maintaining a constant 180°; and filter selection altered according to the degree of the structure’s X-ray absorbance.

After that, 3D reconstruction was performed by CTAn, Bruker Micro CT analyzer (Billerica, MA, USA) software to
identify conditions of bone resorption, deposition, and reconstruction. Region of interest (ROI) was defined as
a rectangular box from the first thread of the implant, | mm in width and 2 mm in length (Figure 3A and B). Indices
related to osteogenesis, such as the percentage of bone volume, trabecular number, thickness, and separation, were
quantitatively analyzed. Finally, pCT volume rendering software (Bruker CTVox, Billerica, MA, USA) was used to
visualize and analyze 3D data obtained from CTAn, creating detailed 3D visualizations, including volume rendering of
the interior structures of scanned objects.

Histological Tissue Processing and Histomorphometry Evaluation

A meticulous procedure was followed to examine histological alterations within the bone. To ensure tissue preservation,
specimens were submerged in 10% buffered formalin (Dow Chemical Company, MI, USA) for 48 hours for fixation.
After fixation, specimens were decalcified using 10% formic acid (BASF Inc, Ludwigshafen, Germany) for 30 days to
remove mineral deposits and then dehydrated in gradual ethanol solutions. The dehydrated specimens were then
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Figure 3 lllustration of (A) Dimension of the implant, (B) Micro CT (uCT) analysis measurement indicating region of interest (ROI) with Imm in width and 2mm in length,
(C) Histological measurement, and (D) Bone implant contact (BIC) measurement of implants.
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encapsulated in paraffin to reinforce their structure during sectioning. For microscopic examination, narrow sections,
approximately 15 pum thick, were extracted from the central region of each Zr dental implant, showing the interface
between the implant and adjacent bone tissue. All paraffin-embedded tissues were subjected to Masson’s Trichrome
staining (St. Louis, MO, USA) in order to discern tissue structures and components. This staining technique is
extensively acknowledged for its ability to emphasize a wide range of tissue constituents, such as muscle, collagen,
and cell nuclei, thereby facilitating a thorough histological evaluation.

Thereafter, the bone around the implant’s neck was histomorphometrically evaluated to detect the following: (1)
marginal bone level in the mesial and distal side, (2) combined marginal bone level in the coronal section, and (3) bone-
to-implant contact (BIC), as shown in Figure 3C and D. The marginal bone level is calculated as “Marginal bone level =
-(VMBL-2.5) mm”, while bone-to-implant contact (BIC) is defined as “BIC = (Lcontact/Ltotal) x 100%”, where
Lcontact = length in contact and Ltotal = length of the implant thread.

Statistical Analysis

All experiments were conducted in triplicate to ensure the robustness of the findings. Statistical analyses were performed
by GraphPad Prism (San Diego, CA, USA), with verification of normality and variance homogeneity assumptions prior
to the analyses. A Student’s 7-test and two-way ANOVA were performed to assess statistical significance among the
groups, followed by Tukey’s HSD test for pairwise comparisons. Results are presented as mean values + standard
deviations (SDs).

Results

Implant Stability Analysis

The mean IST value immediately after implant placement was 90.11 & 0.60 for the control group and 86.77 + 4.49 for the
AS50F10 group. The implant stability decreased at 4 weeks after implantation in both groups, with IST scores of 87.33 +
2.06 and 83.66 + 3.53 for the control group and the ASOF10 group, respectively. The mean IST values of ASOF10 were
significantly lower at 4 weeks than control at baseline (P < 0.05) (Figure 4). Stability then gradually raised at 8 weeks,
with IST scores of 89.22 + 1.53 for the control group and 88.00 + 1.50 for the A5S0F10 group. At the end of 12 weeks, the
IST scores reached the highest, with 91.55 + 2.24 for the control group and 92.44 + 1.50 for the ASOF10 group. There is

Implant stability measurement
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IST values

86

84

80 -
Baseline 4 weeks 8 weeks 12 weeks

w=@==Control A50F10
Figure 4 Implant stability test (IST) result indicating improved implant stability of ASOFI10 sample group at the end of 12 weeks.

Notes: Significant difference compared with control is indicated with *P < 0.05, **P < 0.01, while for comparing with baseline AS0FI0 is shown with **P < 0,001, and,
&Symbol which indicate P < 0.05 for comparing with A5S0F10 at 12 weeks.

International Journal of Nanomedicine 2024:19 hetps: 12621
Dove:


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

Aung et al Dove

a statistically significant difference for the ASOF10 group at 12 weeks when compared to its baseline (P < 0.001) and
compared with the control at 12 weeks (P < 0.05).

Osteogenic Gene Expression Analysis by RT-qPCR
Relative expression of osteogenic gene markers, including OPG, RANK, RUNX2, COLI, and BSP, were gradually

elevated with time (Figure SA—G). The A50F10 group exhibited the highest up-regulation for early osteoblast markers,
with a relative mRNA expression value of 2.90 £ 0.73 for ALP, and 3.36 + 0.22 for SP7 at 4 weeks. There was
a statistically significant difference (P < 0.05) in ALP gene expression between the control group and the AS0F10 group
at each time interval, while SP7 marker showed significance only at 4 weeks and 8 weeks. The highest expression of the
OPG gene was 3.10 + 0.73 at 8 weeks, and its then down-regulated to 2.06 £ 0.27 towards 12 weeks in the ASOF10
group. The control group had a relative expression level of 1.65 £ 0.69 for the RANK gene at 8 weeks, while the ASOF10
group had 1.40 + 0.51; they reached the highest with values of 2.17 £ 0.39 and 1.97 + 0.19 at the end of 12 weeks,
respectively.

At 8 weeks, the AS0F10 group showed increased mRNA expressions of RUNX2, COL1, and BSP, with values of
2.10 £ 0.71, 3.00 £ 0.16, and 2.47 + 0.34, respectively. In comparison, the control group showed the relative expression
levels of 1.85 £ 0.49, 2.24 £ 0.57, and 1.15 + 0.58. Finally, these three gene markers reached peak expression levels at
end of 12 weeks. Moreover, BSP gene marker in the A50F10 group showed statistically significant results when

compared to the control group at each time point.
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Figure 5 Relative gene expression analysis by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) indicating (A) Alkaline phosphatase (ALP), (B)
Transcription factor SP7 (SP7), (C) Osteoprotegerin (OPG), (D) Receptor activator of nuclear factor k B (RANK), (E) Runt-related transcription factor 2 (RUNX2), (F)
Collagen IAl (COLI), and (G) Bone sialoprotein (BSP).

Notes: *P < 0.05, **P < 0.01, and ***P < 0.001.
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Micro-Computed Tomography (pct) Analysis

Marginal bone levels were measured, and micro-CT images of both groups were shown in Figure 6A (coronal view) and
Figure 7A (sagittal view). At 4 weeks, the coronal measurement (Figure 6B) revealed a mesial marginal bone level of
—1.22 £ 0.32 mm for the control group and —0.49 + 0.05 mm for the A50F10 group, while the distal marginal bone level
(Figure 6C) were —1.09 + 0.09 mm and —0.43 +0.08 mm for groups, respectively. At the end of 12 weeks, the ASOF10
group showed the highest combined marginal bone level compared to the control (P < 0.05), with measurements of 0.87
+0.27 mm and 0.12 + 0.36 mm on the mesial side and 0.28 + 0.12mm and —0.01 + 0.15mm on the distal side. There was
a statistical significance (P < 0.05) at each different time point in mesial side, while the distal side showed a significant
difference (P < 0.01) only at 4 weeks and 8 weeks between control and ASOF10. The overall combined marginal bone
level in the coronal section (Figure 6D) at 12 weeks demonstrated 1.01 = 0.34 mm for the ASOF10 group and 0.12 +
0.27 mm for the control group, with statistical significance (P < 0.05) at each time interval.

The buccal (Figure 7B) and lingual (Figure 7C) marginal bone level indicated the ASOF10 group had higher bone
gain at both sides although there was no statistically significant difference. In addition, combined sagittal marginal bone
level (Figure 7D) illustrated marginal bone gain of about 0.60 = 0.20 mm for the ASOF10 group and 0.44 + 0.12 mm for
the control group at the end of 12 weeks. In addition, the overall combined coronal and sagittal levels (as shown in
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Figure 6 (A) Micro-CT 3D bone reconstructed images of implant and bone in coronal section view. Histograms illustrating the (B) Mesial, (C) Distal bone level data, and

(D) Combined marginal bone level in coronal plane.
Notes: *P < 0.05, **P < 0.01, and ***P < 0.001.
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data, and (D) Combined marginal bone level in sagittal plane, (E) Combined marginal bone level of coronal and sagittal plane.
Notes: *P < 0.05, **P < 0.01, and ***P < 0.001.

Figure 7E) indicated at 4 weeks, the control group had —1.79 + 0.33 mm, while the ASOF10 group had —1.10 + 0.08 mm;
at 8 weeks, the control group had —0.53 + 0.25 mm, and the A50F10 group had 0.13 £ 0.15 mm; at 12 weeks, the control
group had 0.28 £ 0.18 mm, and the AS0F10 group had 0.80 + 0.16 mm. There was a statistically significant difference
between the control and A50F10 groups at 4 weeks (P < 0.01) and at 12 weeks (P < 0.05).

In the region of interest (ROI), trabecular separation (Tb, SP) for the ASOF10 group (Figure 8A) was slightly higher
initially, however, at 8 and 12 weeks, the control group showed higher values than the A50F10 group. For the bone
volume (BV/TV), the control group had 25.29 + 8.96%, and the A50F10 group had 36.11 + 10.15% at 4 weeks. By
12 weeks, the bone volume increased, with the control group reaching 49.50 + 2.0% and the ASOF10 group reaching
65.76 = 13.01%. There was a statistically significant difference in BV/TV between 12 weeks and both 4 and 8 weeks (P <
0.05) in the ASOF10 group, as shown in Figure 8B.

In addition, trabecular number (Tb.N) analysis (Figure 8C) showed that at 4 weeks, the control group had 1.74 +
0.38 mm ' and the ASOF10 group had 2.08 + 0.39 mm . By the end of 12 weeks, values of Tb, and N increased to 2.26
+ 0.94 mm-1 in the control group and 3.87 £ 0.64 mm-1 in the ASOF10 group. There was a statistically significant
increase in trabecular number for the ASOF10 group at 12 weeks compared to the baseline (P < 0.05). For the trabecular
thickness (Tb.Th), the results (Figure 8D) showed a similar tend to BV/TV and Tb.N analysis. At 4 weeks, the control
group exhibited 0.21 + 0.10 mm and the A50F10 group had 0.23 + 0.04 mm. At 12 weeks, the control group increased to
0.36 + 0.11 mm, while the ASOF10 group increased to 0.63 = 0.11 mm. Both groups began to increase at 8 weeks, and
with a significant rise at 12 weeks (P < 0.05) for A50F10 group when compared to the baseline.
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Figure 8 lllustration of micro-CT analysis of (A) Tb.Sp, (B) BV/TV, (C) Tb.N, and (D) Tb.Th data.
Notes: *P < 0.05, and **P < 0.01.

Histological and Histomorphometric Analysis

Bone level histological measurements after remodeling for the control and ASOF10 groups at 4 weeks were —0.65 +
0.09 mm and —0.51 = 0.10 mm in the mesial side, and —0.54 £ 0.15 mm and —0.70 £ 0.14 mm in the distal side,
respectively (Figure 9B and C). These measurements gradually increased to 0.05 + 0.13 mm for the control, and 0.12 +
0.24 mm for the ASOF10 group in the mesial side, and —0.12 + 0.06 mm and 0.09 + 0.05 mm in the distal side at 8 weeks.
At 12 weeks, the control group had 0.31 = 0.01 mm, and the A50F10 group reached 0.26 + 0.10 mm in the mesial side,
and 0.71 £ 0.18 mm and 0.47 + 0.04 mm in the distal side. There was a statistical significance between the control and
the A50F10 groups in the mesial side at 12 weeks (P < 0.05).

When combining mesial and distal bone margins in the coronal section (Figure 9D), measurements at 4 weeks
showed the control group was —0.60 + 0.08 mm and the A50F10 group was —0.61 + 0.10 mm. At 8 weeks, the control
group exhibited —0.03 + 0.08 mm while the A50F10 group showed 0.11 + 0.13mm. By the end of 12 weeks, the control
group showed 0.28 £ 0.07 mm and the A50F10 group showed 0.59 + 0.07 mm. Statistical significance was observed
between the control and A50F10 groups at 12 weeks (P < 0.05).

From the histological and histomorphometrical studies, the AS0F10 group demonstrated higher bone-to-implant
contact (BIC) compared to the control group at 12 weeks (P < 0.001, Figure 9A-E). At 4 weeks, the control group had
slightly more bone formation, with osteocytes were observed near the threads, and woven bone had formed (Figure 9A).
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Distal and (D) Combined bone level in coronal section, and (E) lllustrating percentage of bone implant contact.
Notes: *P < 0.05, **P < 0.01, and ***P < 0.001.

The AS0F10 group had nearly matched the control group at 8 weeks, from about a 2% difference initially to almost less
than a 1% difference by 8 weeks. However, there was no statistical significance between the two groups at 4 weeks and
8 weeks. By 12 weeks, osteoblasts were absent in almost all fields, with mature bone in direct contact with the implant
surface, as indicated by the results of BIC and the ROI. All the Zr implants in both the non-plasma control and
experimental groups showed improved osseointegration. The control group had a BIC of 53.79 + 1.20%, which was
lower than the AS0F10 group’s 62.35 £ 2.66% at 12 weeks (Figure 9E).
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Discussion

Nanotechnology is becoming more prevalent in various facets of dentistry, significantly impacting various fields. In
restorative dentistry, nanocomposites are used to enhance their strength and reduce shrinkage.* In endodontics, nano-
filled sealers help effectively reduce the likelihood of reinfection, and in orthodontics, nanoparticle-coated brackets are
used to minimize the risk of white spot lesions and other complications. Consequently, nanotechnology is revolutionizing
the field of dentistry by introducing novel materials, methods, and tools that improve the safety, efficacy, and aesthetics of
dental procedures.”*?!

In periodontal therapy, nanoscaffolds are used to mimic the natural extracellular matrix, thereby promoting the
attachment, proliferation, and differentiation of cells that are essential for tissue regeneration.”” Likewise, in implant
surface modification, fibronectin nanoproteins grafted onto surfaces not only improve the activity of osteoblast-like cells
in in vitro study®® but also enhance the initial stability and integration of dental implants, as demonstrated in this study.
Osteoblasts have a key function in the osseointegration interface.”* The presence of extracellular matrix nanoproteins,
such as fibronectin, can further enhance the osteogenic properties, differentiation, and proliferation of osteoblast-like
cells on the bioinert surface of Zr ceramic. Surface physical and chemical analyses were thoroughly conducted to confirm
the attachment of fibronectin nanoproteins, followed by biological characteristics testing in the previous in vitro study.'
Therefore, this animal study was conducted to validate in vivo whether the Zr implant surface can be functionalized with
allylamine molecules under the specific plasma conditions (50 Watts, 13.56 MHz frequency, pressure of 100 millitorrs)
and immersion in fibronectin nanoproteins solution (10 pg/mL) for 24 hours could result in better osseointegration
compared to untreated Zr implants.

A stable IST result was obtained immediately after implant placement due to primary implant stability. The implant
healing tendency values in this study indicate a decrease in stability value at 4 weeks due to a typical loss in primary
implant stability caused by the bone modeling. According to Wafa and co-authors, they concluded that only implants
with a high level of initial stability experienced a decline in stability during the early healing period. This finding
demonstrates the significant gain in primary stability observed in the sample groups of this investigation.”> Bone
remodeling generally happens between 2 to 4 weeks, with woven bone formation is mainly recognized at 4 weeks.?
This claim is consistent with the histological observation in this study, which also indicated the presence of woven bone
at 4 weeks. Notably, at 4 weeks, the decrease in IST value for the control group compared to baseline (P < 0.05) was
greater than the IST values loss observed for the surface-treated Zr implants, clearly indicating when implants treated
with fibronectin nanoproteins exhibited higher stability.

RT-gqPCR analysis detected gene expression of OPG, RANK, SP7/Osterix, RUNX2, ALP, COL1, and BSP genes
(Figure SA—G). The data matched with the previous in vitro study results, indicating an upregulation trend in the ASOF10
group compared to the untreated samples.'> ALP, an early osteoblast marker, indicating for osteoblast differentiation.?’
SP7 had an initial uprise at 4 weeks but later downregulated by 12 weeks, reflecting its role as an early osteogenic
differentiation marker.”® OPG and RANK work together to regulate osteoclast development, activation, and bone
remodeling.®” In a prior investigation conducted by Yunyi Kang et al found that increased expression of RUNX2 and
OCN in stem cells stimulated by fibronectin on days 3 and 5.** During the transformation of osteoprogenitor cells into

1.3° Therefore, the continued uprising expression

pre-osteoblasts, there is an apparent increase in the expression of COL
of COL1 and BSP gene from baseline to 12 weeks exhibited prominently increased osteogenic transformation and
differentiation in the protein-grafted group compared to the control group (P < 0.05) (Figure 5F-G).

In order to evaluate the efficacy and longevity of Zr dental implants in clinical environments, it is imperative to
conduct in vivo studies of marginal bone level measurements.>' In the coronal section, the control had less marginal bone
gain than the surface-treated group (P < 0.05); however, in the sagittal plane, there was no statistically significant
difference between the two groups. When combining data from both the coronal and sagittal planes, the ASOF10 group
demonstrated significantly higher marginal bone level gain at the end of 12 weeks (P < 0.05). Delgado-Ruiz’s study
reported minimal marginal crestal bone loss of 0.22 = 0.02 mm at 3 months for sand-blasted and micro-grooved Zr

implants in dog models.>? The greater marginal bone gain observed in this study, compared to Delgado-Ruiz’s findings,
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may be attributed to the bioactive implant surface used in this study, which promotes the expression of osteogenic gene
markers and contributes to improved marginal bone gain at the end of 12 weeks.

The presence of bone growth on the implant’s surface is crucial for ensuring the long-term effectiveness of prostheses
supported by implants.*®> The pace at which dental implants integrate with the bone is influenced by the surface
roughness and surface wettability. The majority of studies have utilized 3Y-TZP implants with surface treated by
sandblasting and/or acid-etching. However, there is limited research have examined the osseointegration of Zr implants
that have been machined or treated with nanoproteins grafting. The findings of this study are consistent with previous
research by Canullo et al, which also concluded that plasma-treated implants exhibit increased bone-to-implant contact
compared to untreated implants.

The histomorphometric analysis also supported the IST results in which fibronectin grafted Zr implants obtained
a gradual increase in BIC with time. Similar to our findings, Karazisis et al showed that adding nanotopography to
microrough, screw-shaped titanium implants significantly enhances bone growth and implant stability during
osseointegration.*® Interestingly, in a previous in vitro study, the original smooth Zr surface had approximately 100
nm roughness. After grafting with allylamine molecules and fibronectin nanoproteins, the surface roughness increased
to around 300 to 400 nm roughness.'® Strictly speaking, although 300 to 400 nm is technically above the nanometer
scale, it is still significantly smaller than typical microscale roughness. In some contexts, this range might still be
referred to as “nanorough”, especially if the intention is to emphasize features smaller than 500 nm. Importantly, it has
been proved that bioactive fibronectin nanoproteins and allylamine-grafted Zr implants can promote cellular adhesion,
proliferation, differentiation, and, ultimately, osteogenesis.*® This in vivo study proves that these nanoproteins coating
can obtain increased implant stability and bone implant integration, providing evidence for its potential clinical use in
the future.

The nanorough surface of fibronectin-grafted bioactive zirconia dental implants enhances osseointegration properties
due to the factors that it promotes the osteoblast attachment, proliferation, and differentiation in in vitro study.'>*°
Besides, the nano-roughness increases surface area and mimics the natural extracellular matrix, that encourage cell
adhesion and bone growth.’” Furthermore, fibronectin’s integrin-binding properties improve cell signaling, while the
nanorough texture enhances osteoconductivity, both critical for stable and rapid implant integration.*®-°

The integration of nanotechnology into implant surface modification is a game-changer in dentistry. Nano-
biomaterials have emerged as a promising solution for bone regeneration due to their unique properties that closely
mimic the natural bone environment. These materials, including nano-hydroxyapatite, nanocomposites, and other
nanostructured scaffolds, offer enhanced biocompatibility, mechanical strength, and bioactivity, making them ideal
candidates for bone tissue engineering. For example, nano-hydroxyapatite (nHA) is widely used due to its chemical
and structural similarity to bone minerals. It has shown potential in promoting bone regeneration with minimal toxicity or
inflammatory response.*®*! Besides, polymeric nanocomposites (eg, chitosan, collagen) and synthetic polymers (eg,
PLGA, PCL) reinforced with nanofillers like nHA, nano silica, and graphene oxide improve mechanical strength, cell
adhesion, and proliferation, making them suitable for bone tissue regeneration.**** Furthermore, it has been shown that
the nano-hydroxyapatite and chitosan modified scaffolds in calvarial defects of rat models provide an effective space and
improves the new bone regeneration from histological and histomorphometric analysis.'?

The use of fibronectin treatment on Zr implants represents a promising intersection between traditional implantol-
ogy and nanomedicine. This approach not only improves the initial stability and integration of dental implants but also
exhibits more conducive to bone growth, contributing to the broader field of regenerative medicine and improving
patient outcomes in dental implant therapy.** The role of nanotechnology in dentistry is anticipated to expand as
research and development continue, resulting in even more innovative solutions for dental professionals and their
patients. Additionally, this bioactive nano-protein grafted ceramic implant utilizes only a plasma reactor and commer-
cially available allylamine organic compound and fibronectin proteins, which contributes to a cost-effective production
process. The plasma reactor’s ability to be used repeatedly makes this approach both efficient and economically
sustainable.

By leveraging the principles of nanotechnology, surface functionalization treatment of ZrO, implants was performed
under specific plasma conditions (50 watts, 13.56 MHz frequency, and 100 millitorrs pressure), leading to better
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osseointegration properties. The clinical implications of using fibronectin-grafted zirconia dental implants are significant,
particularly will be enhancing in early osseointegration, which is crucial for implant stability and success. By leveraging
a bioactive surface that integrates nano fibronectin proteins which promotes cell adhesion and osteoblast activity, these
implants create a more favorable environment for bone cells to attach and proliferate leading to accelerated healing times
and may reduce the risk of implant failure by supporting stronger and more immediate bone-implant contact.*>*®
However, further investigation is needed to evaluate the long-term bonding efficacy of surface treatment beyond 3
months, as well as additional clinical trials to confirm the stability and osseointegration properties of fibronectin

nanoproteins grafted Zr implant.

Conclusion

In this in vivo study, the implant surface was modified using plasma nanotechnology treatment combined with organic
allylamine at 50 watts, 13.56 MHz frequency, and a pressure of 100 millitorrs, along with a fibronectin nanoproteins
concentration of 10 pg/mL. This treatment resulted in improved osseointegration of Zr dental implants, as evidenced by
satisfactory initial and late implant stability, with up-regulation of osteogenic-related gene expressions, enhanced cell-
material interactions, better bone-to-implant contact, and increased marginal bone level observed from pCT and
histomorphometric analyses. The use of fibronectin nanoproteins grafted by GDP nanotechnology has proven to be
highly effective and holds significant research value for enhancing the performance of Zr implants in future treatments.
Further investigations are required to validate these findings and optimize the treatment parameters for maximum clinical
efficacy.
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