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Introduction: Improving the biological sealing around dental abutments could promote the long-term success of implants. Although 
titanium abutments have a wide range of clinical applications, they incur esthetic risks due to their color, especially in the esthetic 
zone. Currently, zirconia has been applied as an esthetic alternative material for implant abutments; however, zirconia is purported to 
be an inert biomaterial. How to improve the biological activities of zirconia has thus become a popular research topic. In this study, we 
presented a novel self-glazed zirconia (SZ) surface with nanotopography fabricated by additive 3D gel deposition and investigated its 
soft tissue integration capability compared to that of clinically used titanium and polished conventional zirconia surfaces.
Materials and Methods: Three groups of disc samples were prepared for in vitro study and the three groups of abutment samples 
were prepared for in vivo study. The surface topography, roughness, wettability and chemical composition of the samples were 
examined. Moreover, we analyzed the effect of the three groups of samples on protein adsorption and on the biological behavior of 
human gingival keratinocytes (HGKs) and human gingival fibroblasts (HGFs). Furthermore, we conducted an in vivo study in which 
the bilateral mandibular anterior teeth of rabbits were extracted and replaced with implants and corresponding abutments.
Results: The surface of SZ showed a unique nanotopography with nm range roughness and a greater ability to absorb protein. The 
promoted expression of adhesion molecules in both HGKs and HGFs was observed on the SZ surface compared to the surfaces of Ti 
and PCZ, while the cell viability and proliferation of HGKs and the number of HGFs adhesion were not significant among all groups. 
In vivo results showed that the SZ abutment formed strong biological sealing at the abutment–soft tissue interface and exhibited 
markedly more hemidesmosomes when observed with a transmission electron microscope.
Conclusion: These results demonstrated that the novel SZ surface with nanotopography promoted soft tissue integration, suggesting 
its promising application as a zirconia surface for the dental abutment.
Keywords: dental abutment, self-glazed zirconia, nanotopography, adhesion molecule, soft tissue integration, 3D gel deposition

Introduction
Well-organized soft tissue integration around dental implants is crucial to the long-term success of the implants and 
protects the implants from the invasion of oral microorganisms while also maintaining the esthetics of soft tissue.1–4 

Titanium is currently the first-choice material for dental implants,5 but it may demonstrate a gray metal color or unwanted 
inflammatory responses with peri-implant soft tissue.6,7 Recently, zirconia, as an alternative, has increased in popularity 
owing to its esthetic benefits over titanium.8–10 However, the inert surface of zirconia affects its biological activity and 
thus the long-term success of zirconia dental implants, so various modification strategies such as physical, chemical, and 
biological have been explored to enhance the bioactivity of zirconia dental implants.11–17 Currently, nanoengineering has 
been reported to simulate the surface properties of natural tissues to improve surface biological activity, especially with 
respect to surface topography.18–22
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With the constant evolution of ceramic materials to meet the higher criteria for aesthetics and biocompatibility and 
achieve long-term effects, a novel monolithic zirconia, referred to as self-glazed zirconia (SZ), fabricated by additive 3D 
gel deposition, has been developed and put on the market.23,24 Remarkably, the surface of SZ with a unique nanotopo-
graphy is formed by nanometer particles during the manufacturing process. Many studies have proven that nanotopo-
graphy can not only improve the biological activities of surfaces but also play a certain role in the regulation of bacterial 
adhesion.25–30 Moreover, this material exhibits an enamel-like outer surface that is smoother than that of conventional 
zirconia and can be used directly without any further manual processing. It showed a higher accuracy and fitness as well 
as reduced wear to tooth enamel,26,31 and was widely used in the clinic for crown restoration, achieving a high level of 
evaluation by physicians and patients.25,32 However, the study of SZ surface in the field of abutment is currently limited, 
and it remains unclear whether its nanotopographical surface can achieve soft tissue biological sealing.

Thus, the aim of this paper was to compare the soft tissue sealing effects of three groups of commercial dental 
materials, titanium, conventional zirconia and the novel self-glazed zirconia introduced above, to determine whether the 
nanotopography of SZ promotes soft tissue integration compared to commonly used abutments in clinical practice. 
Specifically, we hypothesized that the nanotopographical surface of SZ can regulate the adsorption of proteins and the 
behaviors of epithelial cells and fibroblasts and then enhance soft tissue integration around the implant.

Materials and Methods
Sample Preparation and Characterization
Disc samples with dimensions of 15 × 15 × 1 mm were prepared in vitro (Figure 1A), and abutment samples with 
a diameter of 4 mm and a height of 4.5 mm were prepared in vivo (Figure 2A). Three kinds of commercially available 
surfaces were investigated in the study as follows: titanium surface (Ti; Jiahong, Shenzhen, China), polished conven-
tional zirconia surface (PCZ; Erran, Hanzhou, China) shaped by milling partially sintered blanks, and self-glazed zirconia 
surface (SZ; Erran, Hanzhou, China) manufactured by the precision additive 3D gel deposition approach.31 In accordance 
with the requirements of clinical application, the manufacturers polished the titanium surface and conventional zirconia 
surface to 2500 mesh with gradient silicon carbide sandpapers while the SZ surface is not subject to polishing treatment. 
The preparation of each group of samples is completed by the same manufacturer. In addition, titanium implants with 
biphasic calcium phosphate surface treatment (Anthogyr, Sallanches, France) (3.4 mm diameter, 8 mm length) were 
utilized in vivo. All samples were cleaned ultrasonically in ethanol, deionized water, and ultrapure water sequentially and 
dried at room temperature. All groups were sterilized by autoclaving prior to further experimentation.

The surface topographies were characterized using scanning electron microscopy (SEM; Sigma 300, Zeiss, Germany) 
with an acceleration voltage of 3 kV. Atomic force microscopy (AFM; Dimension ICON, Bruker, Germany) was applied 
to observe the 3D topographies and measure the surface roughness within a 5 μm×5 μm area. The surface wettability was 
detected with a surface contact angle meter (WCA; YJ-82C, Ding Sheng, China) and tested with 5 µL of sessile distilled 
water droplets. The chemical composition of the three sample surfaces were determined by energy dispersive spectro-
meter (EDS; Model 550i, IXRF, USA). The experiments were conducted in triplicate, and the means ± standard 
deviations of two independent experiments were calculated.

Detection of Protein Adsorption Behavior
All samples were placed in 24-well plates with 1 mL of bovine serum albumin (BSA) dissolved in ultrapure water (2 mg/ 
mL) (Figure 1B). Then, 1 mL BSA solution was added to each well and incubated at 37 °C with shaking (15 rpm/min). 
After 2 h, all samples were rinsed gently with ultrapure water twice to remove the nonadsorbed proteins. Then, 200 µL 
radioimmunoprecipitation assay (RIPA) buffer was added to each well to desorb the adsorbed protein from the sample 
surfaces at room temperature. Finally, the protein solution was collected and quantified with a Micro BCA™ protein 
assay kit (Thermo Fisher, Waltham, USA), and the absorbance values were measured by enzyme-labeled instrument 
(Multishan PC, Thermo Fisher, USA) at 562 nm.
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Similarly, fluorescein isothiocyanate (FITC)-BSA (Solarbio, Beijing, China) was dissolved in ultrapure water at the 
same concentration (2 mg/mL), and all group surfaces were soaked for 2 h and observed with upright fluorescence 
microscopy (BX43, Olympus, Japan) in the dark.

Biological Assessments in vitro
Human gingival keratinocytes (HGKs) and human gingival fibroblasts (HGFs) (iCell Bioscience, Shanghai, China) were 
seeded onto Ti, PCZ and SZ samples in 24-well plates (Figure 1B). Both HGKs and HGFs were cultured in standard 
culture medium (DMEM supplemented with 10% FBS and 1% antibiotics (streptomycin 100 U/mL, penicillin 100 U/ 
mL)). The HGKs (4×104 cells/well) or HGFs (2×104 cells/well) were seeded onto sample surfaces and incubated for 1, 2, 
and 4 h to evaluate cell adhesion and morphology. Then, the HGKs (2×104 cells/well) and HGFs (1×104 cells/well) were 
seeded onto different surfaces with culture media replaced every 2 days, and the cell viability and cell proliferation were 
measured after 1, 3, and 5 days. After incubation for 3 days, immunofluorescence (IF) staining of collagen-I (Col-I) and 
fibronectin (FN) was performed on the HGFs. To evaluate adhesion molecule expression, the adhesion-related genes, 
including Laminin α3 (Ln α3), Laminin β3 (Ln β3), Laminin γ2 (Ln γ2) and Integrin α6 (In α6) of HGKs and Col-I and 

Figure 1 Surface characterizations and analysis of Ti, PCZ, and SZ samples. (A and B) Photographs of Ti, PCZ and SZ disc samples (scale bar = 5mm) and in vitro 
experimental design. (C) SEM images show the topography of sample surfaces, the arrows indicate the scratches on the surface (top: scale bar=1μm, bottom: scale 
bar=2μm). (D) Surface roughness measured by AFM, n=3. (E) AFM images show the 3D topography of sample surfaces. (F) Surface wettability analyzed by the water contact 
angle, n=3. ***p<0.001.
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Figure 2 Soft tissue integration around Ti, PCZ, and SZ abutment samples (on the right is the abutment-soft tissue interface). (A and B) Photographs of the Ti, PCZ, and SZ 
abutments with implants (scale bar = 4 mm) and experimental protocol for in vivo study. (C) Morphology of soft tissue healing around the abutments by H&E stain (scale 
bar=200 μm). (D) Hemidesmosomes under TEM, the arrows indicate the hemidesmosome structures (scale bar=400 nm). (E) IF staining of Ln 332; Ln 332 (green), nuclei 
(blue), (scale bar=200μm), n=4. (F, G) IHC staining of Ln 332, the arrows indicate Ln 332 (top: scale bar=200μm, bottom: scale bar=50 μm), n=4. ***p<0.001.
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FN of HGFs were detected by real-time quantitative polymerase chain reaction (RT–qPCR), and the expression of 
adhesion-related proteins, including Laminin 332 (Ln 332), In α6, Integrin β4 (In β4) of HGKs and Col-I and FN of 
HGFs was detected by Western blotting.

Protocol for the Cell Experiment
At the indicated time points after seeding, cells were fixed in 4% paraformaldehyde (PFA) and incubated with 4’,6-diamidino- 
2-phenylindole (DAPI) for 10 min. Inverted fluorescence microscopy (DM13008/DF0450, Leica, Germany) was used to 
observe the DAPI-stained adherent nuclei. Ten fields of view were randomly selected per sample, and nuclei were counted 
using ImageJ (Maryland, USA) to evaluate cell adhesion. For cell morphology observation, cells were fixed and treated with 
0.5% Triton X-100 at room temperature, incubated with phalloidin Alexa488 (Servicebio, Wuhan, China) for 1 h in the dark at 
37°C and subsequently stained with DAPI for 10 min. Images were obtained using an upright fluorescence microscope.

The cell viability of the surfaces was measured via a Cell Counting Kit-8 (CCK-8; Dojindo, Kyushu, Japan). Each well was 
filled with 220 μL CCK-8 solution (200 μL medium and 20 μL of CCK-8). After incubation at 37°C for 2 h, 100 μL of CCK-8 
solution was transferred to a 96-well plate, and the absorbance was detected using an enzyme-labeled instrument at 450 nm. 
Then, an EdU cell proliferation kit with Alexa Fluor 488 (Beyotime, Shanghai, China) was used to assess cell proliferation 
according to the manufacturer’s protocol. Briefly, cells were incubated with EdU-labeled medium for 2 h, fixed with 4% PFA 
for 10 min, and permeabilized with 0.5% Triton X-100 for another 10 min. Then, all samples were stained with a click-reaction 
mixture at room temperature for 30 min and with Hoechst solution for 10 min in the dark. The results were visualized using an 
inverted fluorescence microscope. Six images were randomly obtained for each sample and analyzed with ImageJ.

Similarly, for IF staining, the samples were blocked with 5% BSA and incubated overnight with rabbit anti-Col-I 
(Abcam, Cambridge, USA) and rabbit anti-FN (Abcam, Cambridge, USA) at 4°C after the routine fixation and 
permeabilization of the cells. The next day, the cells were incubated with the corresponding fluorescently labeled 
secondary antibodies (Bioss, Beijing, China) for 1 h at 37°C. The cytoskeleton was stained with phalloidin Alexa 488, 
and the nuclei were counterstained with DAPI. Images were acquired via upright fluorescence microscopy.

For qRT‒PCR, total RNA was extracted with the SteadyPure Universal RNA Extraction Kit (Accurate Biology, 
Hunan, China). A NanoDrop spectrophotometer (NanoDrop 2000, Wilmington, USA) was used to analyze the concen-
tration and quality of RNA. Then, cDNA was obtained by reverse transcription using Evo M-MLV RT Premix (Accurate 
Biology, Hunan, China). Finally, real-time RT‒PCR was performed using the SYBR® Green Premix Pro Taq HS qPCR 
Kit (Accurate Biology, Hunan, China) on the Bio-Rad Real-Time System (CFX96, Hercules, CA, USA). GAPDH was 
used as a housekeeping gene, and the sequences of the primers used in this study are shown in Table 1.

Cells were lysed in RIPA buffer, and total proteins were separated by SDS‒PAGE and transferred onto polyvinylidene fluoride 
(PVDF) membranes for Western blot experiments. Then, the membrane was blocked for 1 h with 5% nonfat milk in the tris 
buffered saline with tween (TBST) at room temperature and incubated at 4°C overnight with one of the following primary 
antibodies: Ln 332 (Abcam, Cambridge, USA), In α6 (Santa Cruz, California, USA), In β4 (Abcam, Cambridge, USA), Col-I, FN 

Table 1 Primers Used for Real-Time Polymerase Chain Reaction

Gene Forward Primer Sequence (5’-3’) Reverse Primer Sequence (5’-3’)

Ln α3 CACCGGGATATTTCGGGAATC AGCTGTCGCAATCATCACATT

Ln β3 CCAAAGGTGCGACTGCAATG AGTTCTTGCCTTCGGTGTGG

Ln γ2 CAAAGGTTCTCTTAGTGCTCGAT CACTTGGAGTCTAGCAGTCTCT

In α6 CAGTGGAGCCGTGGTTTTG CCACCGCCACATCATAGCC

Fn CGGTGGCTGTCAGTCAAAG AAACCTCGGCTTCCTCCATAA

Col-I GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC

GAPDH GGACCTGACCTGCCGTCTAG GTAGCCCAGGATGCCCTTGA
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and GAPDH (Proteintech, Wuhan, China). Subsequently, the membranes were incubated with HRP-labeled secondary antibodies 
(Proteintech, Wuhan, China) for 1 h at room temperature and visualized using an ECL system (BLT, Guangzhou, China).

Biological Assessments in vivo
Animal Experiment and Tissue Preparation
Animals were maintained in accordance with animal care guidelines established by the Laboratory Animal Ethics Committee 
of Guangdong Huawei Testing Co., LTD (approval number: 202203004). Four-month-old male New Zealand white rabbits (n 
= 4, each group) (weighing 2.5–3 kg) were used in vivo (Figure 2B). In brief, bilateral mandibular anterior teeth were carefully 
extracted under general anesthesia with 0.1 mL/kg Sumianxin (Baite, Changsha, China) and 0.1 mL/kg Zoletil (Virbac, 
Carros, France). Then, the implants and corresponding experimental abutments were screwed into the extraction socket with 
a torque of 15 Ncm after washing with normal saline. Following surgery, animals were treated with gentamicin (0.05 mg/kg 
intramuscular injection) as an anti-inflammatory agent for 3 days. The experimental animals were kept and given food and 
water until euthanasia at 4 weeks following implantation. At the indicated time, the animals were sacrificed, and their 
mandibles, including implants, abutments, and peri-implant tissues, were removed and immersed in 4% PFA for 24 h and then 
in 5% ethylene diamine tetra-acetic acid (EDTA) for 4 days at 4°C. The peri-implant soft tissue was dissected gently with 
tweezers after stirring in a magnetic agitator at 4°C for 24 h.33 The tissue specimens for histological staining were prepared by 
gradient dehydration and embedding. In addition, the tissue specimens for transmission electron microscopy (TEM; HT7800/ 
HT7700, Hitachi, Japan) observation were fixed at 4°C overnight in 2.5% glutaraldehyde solution.

Histological Evaluation
The paraffin-embedded specimens were cut into 4 μm sections. These sections were hydrated with gradient alcohol, 
stained with hematoxylin and eosin (H&E) and finally sealed with neutral gum. Histological changes were observed 
under a light microscope (M4300, Leica, Germany).

Hemidesmosomes Detection
Tissue specimens were fixed with 1% OsO4 in 0.1 M PBS (pH 7.4) for 2 h at room temperature in the dark. Then, they 
were treated with ethanol gradient dehydration, resin permeation, and embedding and finally prepared at room tempera-
ture. The resin blocks were cut to a thickness of 60–80 nm with an ultramicrotome, and the specimens were placed onto 
150 mesh cuprum grids with formvar film. A 2% uranium acetate saturated alcohol solution was used to prevent light 
staining for 8 min, and 2.6% lead citrate was used to prevent CO2 staining for 8 min. After drying with filter paper, the 
cuprum grids were placed into a grid board and dried overnight at room temperature. The cuprum grids were observed 
under transmission electron microscope (TEM), and images were taken.

Immunohistochemical and IF Staining
Tissue sections were incubated with sodium citrate antigenic repair fluid (Beyotime, Shanghai, China) in a pressure cooker for 10 
min to retrieve the antigen and naturally cooled. After blocking endogenous peroxidase at 37°C for 30 min in 3% H2O2-methanol 
solution (Boster, Wuhan, China), 5% BSA was used to block tissue sections for 30 min at room temperature, and an antibody 
against Ln 332 (Bioss, Beijing, China) was incubated with slides overnight at 4°C. The next day, the sections were treated with 
goat anti-rabbit IgG for 45 minutes at room temperature and treated with 3,3’-diaminobenzidine (DAB) coloring kit (ZSGB-BIO, 
Beijing, China). After staining with hematoxylin, images were captured using a light microscope. It was scored separately using 
a 4-grade assessment of intensity (0 no staining, 1+ weak staining, 2+ moderate staining, 3+ strong staining).

In the same way, the sections were incubated with primary antibody to Ln 332 overnight at 4°C. The next day, these 
sections were incubated with fluorescently labeled secondary antibodies (Bioss, Beijing, China) at room temperature for 
1 h. Finally, the sections were stained with DAPI and observed via inverted fluorescence microscopy.

Statistical Analysis
For all statistical analyses, GraphPad software version 8 (GraphPad Software; La Jolla, CA, USA) was used. The data are 
expressed as the means ± standard deviations (SDs). Differences between groups were analyzed using analysis of 
variance (ANOVA). A p-value of < 0.05 was considered statistically significant.
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Results
Surface Characteristics and Analysis
The qualitative surface topography analysis (images) of the three groups of samples studied in this experiment is 
illustrated in Figure 1C. The surfaces of Ti and PCZ were relatively flat, although with some visible scratches. The 
surface of SZ had a dense and relatively uniform nano-protuberance, with small particle size, clear particle boundaries, 
and tight particle bonding. Therefore, the polishing treatment flattened the surfaces of both Ti and PCZ so that there was 
no obvious surface topography, while the surface of SZ had a unique nanotopography.

The AFM data shown in Figure 1E are in good agreement with the Ra values (Figure 1D). The surface roughness of 
PCZ was the lowest (Ra: 1.74 ±0.25 nm) (P < 0.001) and was significantly different from that of Ti (Ra: 14.19 ±4.22 nm) 
and SZ (Ra: 13.86 ±2.19 nm). However, the Ra values are all within nm ranges, reflecting significant but very small 
differences in roughness among the three groups of surfaces.

The wettability measurements are presented in Figure 1F. The water contact angles of the Ti, PCZ, and SZ surfaces 
were 56.25±2.43°, 82.09±4.24°, and 89.81±0.63°, respectively. The Ti surface was obviously more hydrophilic, while the 
surfaces of PCZ and SZ were relatively hydrophobic, and there were significant differences among the groups (P < 
0.001). The chemical composition data of the three groups samples are shown in Table 2 and Supplementary Figure 1. 
The Ti surface was mainly composed of nitrogen, oxygen and titanium, while the surface of PCZ and SZ were mainly 
composed of carbon, oxygen and zirconium with a similar ratio.

Adsorption Behavior of Protein on Different Samples
Figure 3B shows the adsorption of protein on each group of samples at 2 h. The results showed that the adsorption 
amount of BSA was in the order of SZ > Ti = PCZ, and the SZ surface possessed the highest amount (P < 0.001). The 
fluorescence results are consistent with the above quantitative results (Figure 3A); that is, compared with that on the 
surfaces of Ti and PCZ, the adsorption amount of protein on the SZ surface was the highest.

Biological Assessments in vitro
Behavior of HGKs on Different Samples
Cell adhesion, morphology, viability, proliferation, and adhesion activity were monitored to evaluate the impacts of 
different sample surfaces on the behavior of HGKs (Figure 4).

Cell Adhesion and Morphology Assessment
Cell adhesion and morphology are important components of cell viability, which reflects the cell behavior on the different 
sample surfaces. As observed in Figure 4A, for the early cell adhesion experiment carried out within 4 h, the number of 
initially adherent cells increased on all samples throughout the entire duration. Furthermore, the statistical analysis of cell 
adhesion showed that the SZ surface had the highest number of adherent cells at 2 h among the three groups (p< 0.01), 
although the effect was not significant at other time points (Figure 4B).

Images of cell morphology and growth were taken for each surface using a fluorescence microscope (Figure 4C). 
After 1 h of culture, all adherent cells had similar morphologies in all groups, with a round conformation and small 
spreading area. After 2 h, the cells on the surface of Ti formed more filamentous pseudopodia, while those of SZ 
protruded only a small amount, and the cells on the PCZ surface did not change obviously. At 4 h, HGKs grew in clusters 

Table 2 Chemical Element Composition of Ti, PCZ, and SZ Samples

Samples Elemental Content (at. %)

Carbon Nitrogen Oxygen Titanium Zirconium

Ti 1.90 11.98 12.34 71.63 –
PCZ 11.22 9.50 37.46 – 40.75

SZ 14.08 5.36 39.06 – 41.12
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and showed comparable morphology among groups. Therefore, these results suggested that the three groups of surfaces 
have little effect on the morphology of epithelial cells.

Cell Viability and Proliferation Assay
The cell number increased rapidly with time, and there was a similar increase in cell viability at three culture times 
(Figure 4D), indicating that cell viability was not significantly related to all experimental surfaces. Then, we examined 
whether the different sample surfaces affected cell proliferation (Figure 4E), and the quantitative analysis results revealed 
that there were no statistically significant differences among all groups, which was consistent with the cell viability 
results in general (Figure 4F).

Expression of Adhesion Molecules in HGKs
RT‒qPCR was applied to analyze the expression of adhesion molecules at the genetic level. As shown in Figure 4G, the 
relative expression levels of the adhesion-related genes Ln α3 and Ln γ2 were the highest on the SZ surface. In addition, 
the expression of Ln β3 and In α6 on the Ti and SZ surfaces was higher than that on the PCZ surface (p<0.05), whereas 
there was no significant difference between the Ti and SZ surfaces. All of the above results indicated that the SZ surface 
induced a superior adhesion activity of HGKs.

The Western blot results also demonstrated that the SZ surface notably upregulated adhesion molecule expression 
levels of Ln 332, which is consistent with the results of gene-level verification, including the expression of In α6 
(p<0.05). However, there was no significant difference in the expression of In β4 between the SZ and PCZ surfaces, but it 
was higher than that on the Ti surface (Figure 4H and I).

Behavior of HGFs on Different Samples
Cell adhesion, morphology, viability, proliferation, and adhesion activity were analyzed to investigate the impacts of 
different surfaces on the behavior of HGFs (Figure 5).

Cell Adhesion and Morphology Assessment
The surfaces of the three groups seemed to have no significant effect on the adhesion of HGFs (Figure 5A and B). 
Moreover, we observed the morphology of HGFs on all surfaces over time. The obtained images showed polygonal cells 
in all groups after 1 h. After 2 h, cells showed more protruding filamentous pseudopodia and protein filaments. However, 
cells showed a characteristic morphology of long fusiform shapes in all groups at 4 h. The spreading area of cells was 
larger, and more protruding pseudopodia were observed on the SZ surface. Therefore, these results suggested that the SZ 
sample tends to promote the spreading of HGFs (Figure 5C).

Cell Viability and Proliferation Assay
The viability of HGFs on the SZ surface was better than that on the PCZ surface at 3 days (p<0.05), but there was 
no significant difference among all groups at other time points (Figures 5D). Regarding the cell proliferation 
behavior, the EdU staining results showed that the rate of positive cells on the SZ surface was higher than that on 

Figure 3 Adsorption behavior of BSA on Ti, PCZ, and SZ samples. (A) Fluorescence imaging of adsorbed BSA after 2 h culture (scale bar=100μm). (B) Adsorption capacity 
of BSA after 2 h incubation, n=3. ***p<0.001.
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Figure 4 Behavior of human gingival keratinocytes on Ti, PCZ, and SZ samples. (A and B) Cell adhesion images (scale bar=200μm) and quantitative analysis of adherent cells 
after 1, 2, and 4 h of seeding, n=3. (C) Morphology of adherent cells after 1, 2, and 4 h of seeding, cytoskeleton (green), nuclei (blue), (scale bar=50μm). (D) CCK8 assay for 
cell viability after 1, 3, and 5 days of culture, n=5. (E and F) Cell proliferation was analyzed by IF staining for EdU after 1, 3, and 5 days of culture (scale bar=200μm) and the 
graph depicts the percentage of EdU-positive nuclei, proliferative cells (green), nuclei (blue), n=3. (G) Adhesion-related genes expression (Ln α3, Ln β3, Ln γ2 and In α6) after 
3 days of culture, n=3. (H and I) Representative images and quantitative analysis of adhesion-related proteins expression (Ln 332, In α6 and In β4) after 3 days of culture, 
n=3. * p<0.05, **p<0.01, and ***p<0.001.
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the PCZ surface at 1 and 3 days (p<0.05), whereas cell proliferation basically stopped at 5 days (Figures 5E–F). 
These results indicated that the SZ surface promotes HGFs viability and proliferation at the initial stage of cell 
adhesion compared to the PCZ surface.

Figure 5 Behavior of human gingival fibroblasts on Ti, PCZ, and SZ samples. (A and B) Cell adhesion images (scale bar=200μm) and quantitative analysis of adherent cells 
after 1, 2, and 4 h of seeding, n=3. (C) Morphology of adherent cells after 1, 2, and 4 h of seeding, cytoskeleton (green), nuclei (blue), (scale bar=50μm). (D) CCK8 assay for 
cell viability after 1, 3, and 5 days of culture, n=5. (E and F) Cell proliferation was analyzed by IF staining for EdU after 1, 3, and 5 days of culture (scale bar=200μm) and the 
graph depicts the percentage of EdU-positive nuclei, proliferative cells (green), nuclei (blue), n=3. (G) Adhesion-related gene expression (Col-I and Fn) after 3 days of culture, 
n=3. (H) Representative IF staining images of Col-I and Fn; adhesion-related proteins (red), cytoskeleton (green), nuclei (blue), (scale bar=100 μm). (I and J) Representative 
images and quantitative analysis of adhesion-related proteins expression (Col-I and Fn) after 3 days of culture, n=3. *p<0.05, **p<0.01, and ***p<0.001.
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Expression of Adhesion Molecules in HGFs
As shown in Figure 5G, HGFs on the SZ surface more strongly expressed FN than those on the other surfaces. The 
expression of Col-I on the SZ and PCZ surfaces was higher than that on the Ti surface (p<0.05), whereas no obvious 
differences were observed between the SZ and PCZ surfaces.

Compared with those cultured on the Ti and PCZ surfaces, HGFs cultured on the SZ surface expressed more FN 
(p<0.05), but there were no statistically significant differences in Col-I expression between the SZ and PCZ surfaces 
(Figure 5I and J). IF staining images of FN and Col-I showed that round spots were mainly diffused intracellularly and at 
the boundary of the cell, and the results are consistent with the Western blot results (Figure 5H).

Biological Assessments in vivo
Hemidesmosome structures and the important adhesion molecule Ln 332 were detected to assess the soft tissue 
integration of the different abutment surfaces (Figure 2).

Histological Evaluation and Hemidesmosomes Detection
As shown in Figure 2C, H&E stain was used to evaluate the peri-implant soft tissue 4 weeks after the operation. Images 
showed that the soft tissue around all the abutments healed well. Furthermore, we examined the details of the adhesion 
structures with hemidesmosomes between the abutments and peri-implant soft tissue by TEM (Figure 2D). It was clearly 
observed that hemidesmosomes that presented a densely spotted structure formed on the SZ surface. However, there was 
a small amount of this structure on the Ti surface, while it was almost completely absent on the PCZ surface. This result 
revealed that the SZ surface may promote hemidesmosome formation at the abutment–gingival interface, which ensures 
the sealing of soft tissue.

Ln 332 Expression Around the Abutment Surfaces
In vivo immunohistochemical (IHC) staining experiments showed that Ln 332 appeared between the junctional 
epithelium and the abutment (Figure 2F and G), and a great difference was observed in the expression of Ln 332 
among all groups. Apparent positive staining of Ln 332 in the SZ group was observed, whereas low Ln 332 expression 
was observed for the PCZ and Ti groups. The statistical analysis revealed that the order of positive staining of Ln 332 
was SZ >Ti=PCZ (P < 0.001). Moreover, Ln 332 expression and distribution were detected by IF staining, and the results 
are consistent with the IHC results (Figure 2E).

Discussion
Dental abutments are anchored in peri-implant soft tissue, which achieves the formation of a biological seal and then 
protects the implants from the highly contaminated oral environment.22 Due to the several limitations of titanium 
abutments, zirconia is now regarded as one of the best alternatives, especially in applications around the aesthetic 
zone.34,35 Nanotopography is currently considered a promising approach for surface design and can regulate bacterial 
adhesion and cell responses.27,28 In this study, we presented a novel surface of SZ with nanotopography and explored its 
soft tissue integration capability compared to Ti and PCZ surfaces to provide a basis for advancing the development of an 
ideal abutment surface. We found that the SZ surface with nanotopography demonstrated superior soft tissue integration 
among all samples, which was consistent with our hypothesis.

Following the implantation of dental abutments, the first step that occurs is the adsorption of salivary proteins, which 
then has a significant effect on subsequent cell behavior,29,36 and is considered to be a determining factor of cell- 
biomaterial interactions.37,38 Previous studies have revealed that the alteration of surface characteristics, such as 
topography, chemical composition, roughness, and wettability, enables the modulation of protein adsorption and 
conformation.36,39–41 In general, proteins tend to be adsorbed on hydrophobic surfaces, and the surface nanotopography 
can promote the adsorption of proteins, which is consistent with our results.39,42 In this study, the water contact angle on 
the SZ surface was the largest and had surface nanotopography, so the adsorption of BSA was highest on the SZ surface. 
The water contact angle of the PCZ surface was larger than that of the Ti surface, while there was no significant 
difference between the two groups of surfaces for protein adsorption, which was mainly due to the flat surface after 
polishing treatment. In addition, we also examined the surface roughness and chemical composition of all samples and 
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found that the surfaces roughness of the three groups of surfaces were all in the nm ranges, and the difference in Ra value 
was small. The main chemical composition of PCZ and SZ surfaces were the same and the contents were similar, which 
indicated that the surface roughness and chemical composition were not the main reasons for the difference in protein 
adsorption capacity. The SZ surface enhanced protein adsorption, as the medium of cells adhering to the substrate plays 
a critical role in subsequent cell behavior.

The peri-implant epithelium is the first barrier for protecting the implant from bacterial contamination. When the 
epithelium attaches to the surface of the abutment, it first forms a basal lamina, and then the epithelial cells attach to the 
surface through hemidesmosomes. In addition, epithelial cells produce laminin, which ensures the effective attachment of 
epithelial cells to the abutment surface with the basal lamina.43 Therefore, we first studied the effects of the three groups 
of surfaces on epithelial cells.44 Despite being a cell line, HGKs exhibit typical epithelial cell traits, including the 
expression of cytokeratin. In the study of HGKs, the SZ surface seemed to promote cell adhesion. And the HGKs on the 
Ti surface had more filamentous pseudopodia, which may be related to hydrophilicity.45,46 However, the cell viability or 
proliferation was not affected regardless of the surface group. Remarkably, we observed obvious differences in the 
expression of Ln 332 among the three surfaces. Compared with the Ti and PCZ surfaces, the SZ surface not only 
upregulated the expression of Ln 332, which is the major component of the internal basal lamina and participates in the 
formation of hemidesmosomes but also had a high expression of In α6β4, which has a central role in hemidesmosome 
assembly.47 The expression of adhesion molecules is an important factor in soft tissue sealing.48 The results of this study 
indicated that HGKs cultured on SZ surfaces with nanotopography could achieve ideal epithelial sealing.

Soft tissue integration depends not only on the epithelial attachment but also on the reconstruction of connective 
tissue attachment to firmly support the epithelial barrier to maintain the long-term success of implants.49 Thus, we 
studied the effects of different sample surfaces on HGFs. Researchers have found that titanium with hybrid micro/ 
nanotopographies can reduce inflammatory responses by affecting the state of cell adhesion compared to surfaces with 
solely microscale topographies. In other words, nanostructures have an edge over regulating cell responses by orches-
trating cell adhesion.50 The SZ surface with nanotopography studied in the paper did not have an obvious regulatory 
effect on HGFs adhesion, which may be because of the multiple types of regulation induced by different surface 
properties.51 Furthermore, cell morphology is also important in determining cell adhesion. Research shows that cells 
adhered to a nanosurface presented a spreading shape and more projections.52 The results of this study showed that HGFs 
exhibited a good spreading morphology on the SZ surface, indicating that the SZ surface with nanotopography promoted 
cell spreading,53 but the results seemed to be different for different cells. Additionally, a subtle difference was observed 
for the SZ surface during the initial incubation time, revealing that the SZ surface may promote viability and proliferation 
at the initial stage of cell adhesion. It is worth noting that, compared with those on the Ti and PCZ surfaces, the FN 
expression and secretion on the SZ surface were the highest. These results are in accordance with the IF staining results, 
which confirm that HGFs cultured on SZ surfaces produce more adhesion molecules, which is beneficial to soft tissue 
integration.

To further determine the soft tissue sealing ability of the three groups of abutment surfaces, we carried out an animal 
experiment. Overall, the soft tissue healed well among all abutment surfaces. Furthermore, we analyzed the expression of 
Ln 332, which is an important adhesion molecule for evaluating epithelial sealing, by IHC and IF staining.54 In the present 
study, the signal intensity of Ln 322 on the SZ surface was significantly better than that on the other experimental surfaces. 
Moreover, the prominent electron-dense plaques of hemidesmosome structures formed on the SZ abutment surface further 
supported our hypothesis.43 Therefore, we speculated that these results were obtained under the influence of nanotopo-
graphy. This provides strong support that the SZ surface has the potential to become a prominent abutment surface.

In this study, the soft tissue integration of the three groups of abutment surfaces was compared in terms of clinical 
application. SZ was fabricated by additive 3D gel deposition, which forms a dense and homogeneous surface through the 
dense and uniform deposition of nanoparticles. Different from the unpolished zirconia, the SZ surface has no obvious 
voids and wear marks in the preparation process, thus achieving a small roughness without polishing treatment.32,55 The 
results of this study confirmed that the surface of SZ is effective in soft tissue integration, and the nanotopography seems 
to be an important influencing factors,17,56 while the results of titanium and conventional zirconia were comparable, 
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which is consistent with some previous studies.15,57 Therefore, the SZ surface is promising and could be applied in more 
abutments in the future to achieve better biological sealing.

There are some limitations of this study. An ideal abutment surface should simultaneously have soft tissue integration, 
immunomodulation, and antibacterial properties.18 In addition, while this abutment surface can absorb more protein, 
which may be conducive to cell adhesion, it also may induce more bacterial colonization, so it is necessary to carry out 
more relevant studies to verify the corresponding effects of this surface. Furthermore, the large animal model was not 
used in this study, and the sample size needs to be increased to be closer to the clinic. And more experiments, such as 
horseradish peroxidase (HRP) penetration analysis, should be used to further easily visualize the histology and assess the 
biological sealing capacity of this surface in vivo.58

Conclusion
The surface of SZ with nanotopography not only improved protein adsorption but also enhanced the adhesion activity of 
HGKs and HGFs compared to titanium and conventional zirconia surfaces. In addition, the in vivo results also confirmed 
that the SZ surface showed better soft tissue integration. From a clinical perspective, the novel SZ may promote 
biological sealing, which suggests its promising application as a zirconia surface for the dental abutment.
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