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Background: Titanium (Ti) surface with nanotubes array via anodization has been used in dental implants to enhance bone
regeneration but little research was carried out to evaluate whether the presence of highly ordered or disorderly distributed nanotubes
array on titanium surface would have an effect on cell behaviors of gingival fibroblasts.

Methods: The present study fabricated nanotubes arrays with varied topography under different constant voltage of electrochemical
anodization in fluorine-containing electrolyte. Human gingival fibroblasts (HGFs) from extracted third molar were harvested and co-
cultured with titanium disks with different nanotubes topography. Then cell behaviors of gingival fibroblasts including cell prolifera-
tion, adhesive morphology and cell migration were estimated to investigate the influence of titanium nanotubes on cell biology.
Besides, gene and protein expression of adhesion molecule (integrin $1/p4/a6, fibronectin, intracellular adhesion molecule-1 and
collagen type I) were detected to evaluate the influence of different surfaces on cell adhesion.

Results: Highly ordered arrays of nanotubes with pore diameter of 60 nm and 100 nm were fabricated under 30 and 40 V of
anodization (TNT-30 and TNT-40) while disorderedly distributed nanotube arrays formed on the titanium surface under 50 V of
anodization (TNT-50). Our results demonstrated that compared with raw titanium surface and disorderly nanotubes, surface with
orderly nanotubes array increased cell area and aspect ratio, as well as cell migration ability in the early phase of cell adhesion
(»<0.05). Besides, compared with raw titanium surface, gene and protein expression of adhesion molecules were upregulated in
nanotubes groups to different extents, no matter whether in an orderly or disorderly array.

Conclusion: Within the limitations of our study, we conclude that compared with raw titanium surface, the presence of nanotubes array on
titanium surface could enhance cells adhesion and cell migration in the early phase. And compared with disorderly distributed nanotubes,
highly ordered nanotubes array might provide a much more favorable surface for gingival fibroblasts to achieve a tight adhesion on the
materials.
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Introduction

Dental implants have been an effective treatment for patients who lose their teeth. As the major material, titanium and its alloy
have a great biocompatibility with the adjacent hard tissue, guaranteeing a desirable osseointegration in the alveolar bone.
Similar to natural teeth, there is a circular part on the implant or implant abutment surface that penetrates oral mucosa, which
requires tight soft tissue sealing to protect against pathogenic microorganisms from the oral environment.' A deficient gingival
sealing around the implant surface might be a contributing factor to the invasion of pathogenic bacteria from the oral cavity,
which gives rise to peri-implant diseases including peri-implant mucositis and peri-implantitis.>* Unlike the tight gingival

International Journal of Nanomedicine 2024:19 24692485 2469
Received: 27 November 2023 © 2024 Deng et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallable at https://www.dovepress.com/terms.php
A and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati /by-nc/3.0/). By accessing the work

Accepted: 1 March 2024
Published: 8 March 2024

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press lelted provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Deng et al Dove

Graphical Abstract

Primary cell culture

Gingival fibroblasts

TiO, Nanotubes

25°C, 2hr
==
‘ | Anodization
» (_ Cell proliferation )
( Cell ahesion morphology )
+ (' Cell migration )
Cu Ti

(Adhesion molecules)

sealing around natural teeth with the help of high expression of adhesion structure hemidesmosomes (HD) and the Sharpey’s
fibers perpendicularly inserting to cementum, peri-implant sealing is comparatively weakened due to the limited adhering
interface where adhesion structures could be observed, and to the failure of rehabilitation of perpendicular collagen fibers.*>

There are studies reporting a variety of methods to modify the implant surface with an aim of increasing soft tissue
adhesion to the implant.®® For example, though not fully understood, it was increasingly observed and recognized that
a highly polished surface enhanced epithelial attachment and fibroblasts adhesion, compared with the rough surface
which might on the other hand appeal to microorganisms from the oral environment.”'® Also, abutment surface could be
physically coated by various biological macromolecules such as chitosan, collagen, and gelatin.''™"* These kinds of
natural coating were integrated on the surface to increase protein adhesion and thereafter enhance the attachment of
gingival epithelial cells and fibroblasts. However, the uncontrolled degradation rate of these natural components set
a challenge to the clinical transformation in the long term. Therefore, more and more direct surface modifications were
introduced and explored to enhance gingival sealing of dental implant abutment, such as the nanoscale fabrication of

- 14-1
grooves, pores, and tubes on titanium surface.'*'
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Among various methods, nanotubes fabricated by electrochemical anodization (EA) is attracting increasing attention in
implant surface modification due to its easy processing and preparation, and the varied biological effect brought by different
topographical characteristics of nanotubes.'” Dental implants with nanotubes made by anodization have been widely accepted
and proven to have an enhancing effect on bone regeneration around the implant.'® ' The internal space with only one
opening inside the nanotube enables the incorporation of various kinds of biological molecules, which might have various
promising application including controlled drug release, antibacterial activity, and immune microenvironment regulation.** >*
There are studies reporting that topographical features of nanotubes could reduce the macrophage inflammatory response and
stimulate macrophage toward M2 phenotype-polarization, creating a pro-healing immune microenvironment to initiate wound
recovery.”>® Gao et al, incorporated nanostructured implant surface with silver and found enhanced inflammatory responses
in vivo.”! Recently, increasing research has been carried out to evaluate the biological effect of titanium surface with
nanopores or nanotubes made by electrochemical anodization on gingival fibroblasts and epithelial cells which are sensitive
to surface characteristics such as chemical and physical features.>” *° Gulati et al, found the presence of nanopores with small
diameter of 40~70 nm exhibited robust effect for gingival fibroblast to grow and adhere to the surfaces.*° Ferra-Cafiellas et al,
aimed their work to evaluate how tuning the size of nanopores could benefit gingival fibroblasts.’! Besides, Wang et al,
emphasized in their work how hydrophilicity of the nanotube-containing titanium surface could influence cell behavior of
gingival fibroblasts.*?

The present work was initiated to evaluate whether the presence of nanotubes fabricated via electrochemical
anodization on the surface of titanium could influence cell behaviors of gingival fibroblasts, and to determine what
different topographical characteristics and array feature of nanotubes influence cell morphology and accordingly cell
adhesion ability on the surface.

Materials and Methods

Ethical Approval and Informed Consent

The present study complied with the Declaration of Helsinki and was approved and monitored by the ethics committee of
the Fifth Affiliated Hospital of Sun Yat-sen University with ethical approval reference [2023-K207-1]. Informed consent
was attained from the donors before the use of gingival fibroblasts.

Titanium Disks Preparation

Raw commercially purchased titanium round disks (diameter of 8.0 mm, thickness of 0.43 mm) were bought from Anyou
Xincai Co, Ltd. All Ti disks were cleaned by acid mixture solution (1M hydrofluoric acid (HF) 1M nitric acid) under
vigorous oscillation for 2 min, after which the disks were further cleaned successively by acetone, ethanol, and deionized
water. The surface of titanium disks was then polished by finishing bur in a low-speed drilling of 9000 rpm. All the disks
were successively cleaned again by acetone, ethanol, and deionized water before electrochemical anodization (EA).

Electrochemical Anodization (EA)

To fabricate nanotubes (TNT) with different diameter on the surface of Ti disk, different EA duration, and voltage were
explored in our previous study. 70 v/v% ethylene glycol (containing 0.25 wt% ammonium fluoride (NH4F)) was
considered as feasible electrolyte to modify the titanium surface. To explore the impact of EA time and voltage, Ti
disks were anodized for 2 min, 10 min, 30 min, 1 hr, 2 hr, and 4 hr under constant voltage of 30, 40, 50, and 60V
respectively. Copper was chosen as cathode. All the disks were successively cleaned by acetone, ethanol, and deionized
water after EA.

Surface Characterization

Surface topography, roughness and chemical features of the Ti disks used in this study were characterized. Anodized or raw
titanium (RT) disks were dehydrated via vacuum dryer and gold-sputtered before observation under scanning electron
microscope (SEM) (Phenom Scientific, China). The surface of titanium disks was observed in backscatter diffraction
(BSD) mode or secondary electron detection (SED) mode under accelerating voltage of 10 kV and at 50 k magnification.
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Surface roughness was estimated by atomic force microscope (Bruker Dimension Icon, Germany). The average roughness
measurements were determined at three locations for each disk. Chemical characteristics of the surface of titanium disks was
determined by energy dispersive X-ray spectrometry (EDS) (Phenom Scientific, China).

Primary Cell Culture

Small pieces of gingival tissue from freshly extracted third molar were collected and washed by saline solution
containing 100 pg/mL penicillin/streptomycin (Thermo Fisher Scientific, MA, USA). Gingival tissue was cut and
minced to 1.0 mm?>, then incubated in digesting mixture containing 8 mg/mL neutral proteases and 6 mg/mL collagenase
for 1 hr at 37°C. Gingival cells suspension was added in Minimum essential medium-o. (MEM-a) medium (Thermo
Fisher Scientific, MA, USA) consisting of 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, MA, USA) and 100
pg/mL penicillin/streptomycin (Thermo Fisher Scientific, MA, USA). Gingival fibroblasts were harvested and amplified
by single cell colony methods. Cell culture was maintained at 37°C with 5% CO, in a humidified incubator before the
following experiments.

|dentification of Gingival Fibroblasts

The identification of gingival fibroblasts was carried out by indirect immunofluorescence staining of vimentin and CD90
which are mostly expressed by fibroblasts. 5x10* cells were seeded on the coverslip and after 2 d of culture fixed with
4% (w/v) paraformaldehyde (PFA, Thermo Fisher Scientific, USA) for 20 min. Then, HGFs were permeabilized with
0.5% (v/v) Triton X-100 (Solarbio, Beijing, China) for 10 min and blocked with 5% (w/v) bovine serum albumin (BSA;
Sigma Aldrich, USA) for 1 h at room temperature. HGFs were labeled with vimentin (1:200 dilution, #60330-1-IG,
Proteintech, China) and CD90 (1:250 dilution, 27178-1-AP, Proteintech, China) diluted in 1% (w/v) BSA and incubated
overnight at 4°C. In the second day, HGFs were incubated with secondary antibody Alexa Fluor 488 (for vimentin, 1:500
dilution, #ab150080, Abcam, UK) and Alexa Fluor 594 (for CD90, 1:500 dilution, #ab150080, Abcam, UK) for 1 hr at
room temperature. Finally, samples were mounted in antifade reagent with DAPI (P0126-5mL, Beyotime, China) and
observed under immunofluorescence microscope.

Flow cytometry was performed to confirm the expression of the surface markers CD10, CD63, CD24, and CD326.
1x10° of HGFs at the third passage were incubated with the fluorescently labeled antibodies APC Mouse Anti-Human
CD10 (#340923), FITC Mouse Anti-Human CD63 (#550759), BV786 Mouse Anti-Human CD24 (#568225) and PE
Mouse Anti-Human CD326 (#566841) (1:20 dilution, all from BD Pharmingen, USA) for 15 min at 4°C in the dark, after
which cells were washed with 3 mL of PBS containing 2% FCS and centrifuged at 4°C, 1300 rpm for 5 min.
Subsequently, the supernatant was discarded and cell pellet was dissolved in 100 uL PBS with 2% FCS. The labeled
cells were analyzed using a BD FACSCanto II (BD Biosciences, USA) and the Flow cytometry data were analyzed via
FCS Express 7 (De Novo Software, USA).

Cell Proliferation Estimation

Raw Tiand TNT disks were disinfected and uviolized before cell seeding. HGFs were harvested and seeded on each disk with the
density of 2500 cells, and cultured for 1/4/7 days. Indirect immunofluorescence assay was used to evaluate the cell proliferation.
At each endpoint of cell culture, HGFs were fixed with 4% paraformaldehyde (Bioss, Beijing, China). Then cells were permeated
with 0.3% Triton X-100 and blocked with 5% (w/v) bovine serum albumin (BSA; Sigma Aldrich, USA) for 1 hr at room
temperature. Samples were then mounted in antifade reagent with DAPI (P0126-5mL, Beyotime, China). Images were captured
via confocal laser scanning microscopy (LSM880, Zeiss, Germany). In the captured images, each blue dot of DAPI represented
a single cell. The cell count was represented by the nucleus count at each timepoint.

Cell Adhering Morphology
Cell adhering morphology on the surface of the disks was evaluated by immunofluorescence and SEM. HGFs were
seeded on each disk with the density of 1000 cells and cultured for 6 hr, 12 hr, 1 d and 4 d.

For immunofluorescence, cells were fixed with 4% paraformaldehyde at each timepoint of cell culture. Then the cells
were permeated by 0.3% Triton X-100 for 15 min and consecutively washed by saline three times (each for 5 min). After
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blocking with 5% (w/v) bovine serum albumin (BSA) for 1 hr at room temperature, cells were incubated for 30 min at
room temperature with 488-conjugated Phalloidin (#23115, AAT Bioquest, US) to stain the cytoskeleton. DAPI was used
to stain the cell nucleus in the final step. Images were captured via a confocal laser scanning microscopy (LSMS880,
Zeiss, Germany). Three fields under microscope were chosen randomly and average cell area and cell aspect ratio was
calculated via imageJ software (1.53v, National Institutes of Health, USA). Cell area was directly measured using area
calculating module of imageJ, and cell aspect ratio was determined by cell length divided by its width.

For SEM, HGFs were fixed with 2.5% glutaraldehyde and then dehydrated in graded ethanol (50%, 70%, 80%, 90%,
100%, and another 100%, each for 20 min) with constant oscillation. The dehydrated specimens were incubated in
hexamethyl disilylamine (HMDS) for 10 min before vacuum desiccation overnight at 40°C. All the specimens were
sputter-coated with gold and observed via the scanning electron microscope (Phenom, Thermo Fisher Scientific Inc.,
USA) in backscatter diffraction (BSD) mode or secondary electron detection (SED) mode under accelerating voltage of
10 kV and at 50 k magnification.

Cell Migration Assay

Wound healing assay was used to evaluate cell migration ability on the surface of titanium disks. HGFs were seeded and
cultured on the disks. After cell confluency reached 90%, a straight scratch was made by using 200 pL pipette tip on the
surface of the disks to simulate a wound. Cells were continuously cultured in medium containing only 1% FBS for 1 and
2 days to preclude cell proliferation effect. At the time of scratch-making, 1-day culture and 2-day culture, cells were
fixed with 4% paraformaldehyde for 15 min at room temperature. Then the cells were permeated by 0.3% Triton X-100
for 15 min and consecutively washed by saline three times (each for 5 min). After blocking with 5% (w/v) bovine serum
albumin (BSA) for 1 hr, cells were incubated at room temperature for 30 min with 488-conjugated Phalloidin (#23115,
AAT Bioquest, US). DAPI was used to stain the nucleus. Images were captured via a confocal laser scanning microscopy
(LSM880, Zeiss, Germany). In the captured images, HGFs moving to the central blank space originally made by pipette
tip were seen as endocentrically migrated cells. Cell migration percentage was represented by the endocentric area of the
migrating cells.

Reverse Transcription (RT) and Quantitative Real-Time PCR (qPCR)

To evaluate the expression of molecules relating to cell adhesion on different groups, total RNA was extracted from
samples using RNA-easy Isolation Reagent Kit (#R701-01, Vazyme, China), and reverse transcription was performed to
prepare cDNA. Quantitative real-time PCR was performed using specific primers, including ITGAG6 (integrin a6), ITGB4
(integrin f4), COL-1 (collagen type 1), FN (Fibronectin), ICAM-1 (intercellular cell adhesion molecule-1), and ITGB1
(integrin B1), (sequences shown in Table 1). GAPDH was selected as an internal control, and mRNA expression of all
samples was standardized to that of GAPDH.

Table | Primer Sequences

Gene Forward Primers (5 'to 3 ) Reverse Primers (5 'to 3 ')
ITGA6 CGAAACCAAGGTTCTGAGCCCA CTTGGATCTCCACTGAGGCAGT
ITGB4 AGGATGACGACGAGAAGCAGCT ACCGAGAACTCAGGCTGCTCAA
COL-1 TCTAGACATGTTCAGCTTTGTGGAC TCTGTACGCAGGTGATTGGTG
FN TTTTAAGCTGGGTGTACG CAAGTTTGTTGGTGGAGA
ICAM-1 AGCGGCTGACGTGTGCAGTAAT TCTGAGACCTCTGGCTTCGTCA
ITGBI TGTGTCAGACCTGCCTTGGTG AGGAACATTCCTGTGTGCATGTG
GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA
International Journal of Nanomedicine 2024:19 https: 2473
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Western Blotting

Western blotting was performed to detect the expression of proteins related to cell adhesion. Total proteins were extracted
from cells of each group using RIPA lysis buffer (Beyotime, Shanghai, China). A BCA protein assay kit (Beyotime,
Shanghai, China) was used to measure the concentration of harvested proteins. An equal amount of 25 pg protein of each
group was subjected to SDS-PAGE, followed by blotting onto a polyvinylidene difluoride (PVDF) membrane (Millipore,
MA, USA). After blocking with 10% skimmed milk, the membrane was probed overnight at 4°C using specific primary
antibodies including integrin Bl (26918-1-AP,1:1000, ProteinTech, China), Fibronectin (15613-1-AP, 1:1000,
ProteinTech, China), Integrin a6 (27189-1-AP, 1:1000, ProteinTech, China), and Integrin p4 (21738-1-AP, 1:1000,
ProteinTech, China), followed by incubation with a horseradish peroxidase—conjugated secondary antibody, HRP-goat
anti-mouse or HRP-goat anti-rabbit, for 1 hr at room temperature. The signal was visualized with a SuperKine™ West
Femto Maximum Sensitivity Substrate (BMU102-CN, Abbkine) using Invitrogen iBright CL1500 imaging system
(Thermo Fisher Scientific, USA). Bands data from Western blot were analyzed via iBright Analysis Software (5.2.2,
Thermo Fisher Scientific, USA).

Statistical Analysis

All the numerical data were presented as mean + standard deviation (SD) and analyzed using IBM SPSS 17.0 (Armonk,
NY, USA). The diameter of nanotubes was calculated by Origin Pro (OriginLab, USA). One-way analysis of variance
(ANOVA) followed by LSD test were used to compare the variation among different groups. P value <0.05 was
considered to be statistically significant. All experiments were performed in triplicate.

Results
Nanotubes Topography Was Dependent on Voltage and Anodizing Duration

Different topography of nanotubes could be fabricated on the polished titanium surface under different anodized duration
and voltage (Supplementary Figure). Generally, pore-like structures (nanopores) formed at first (within 30 minutes) on

the surface under 30, 40 and 50 V. With anodizing time increased, nanopores gradually grew and turned to be tube-like
structures (nanotubes). For 30 and 40 V, the distribution and diameter of nanotubes become evenly ordered after 1 hr
duration (Supplementary Figure A—L). For 50 V, nanotubes formed at 2 hr duration (Supplementary Figure M—R), but the

nanotubes presented disordered and varied in diameter. For 60 V, no nanotube was fabricated on the surface
(Supplementary Figure S—X) from 2 min to 2 hr. After 4 hr duration, disorderly distributed nanotubes were presented

on the surface and the diameter of the nanotubes varied in size greatly.

In the present study, preparation of 30.40 and 50 V with 2 hr duration were selected for optimal fabrication of nanotubes
on the surface of raw titanium (RT). As shown in Figure 1, the results of the top view of SEM demonstrated that the surface
of RT presented a ridge-like topography while titanium nanotubes (TNT) could be integrated on the surface of RT, with
varied topographical features due to the differences of anodizing parameter (Figure 1A—D). The 45° tilt view of SEM
confirmed the tube-like structure which also presented parameter-dependent configuration (Figure 1E-H). Dense and
orderly distributed nanotubes were seen on the surface of TNT-30 and TNT-40 (Figure 1F and G) while the nanotubes on the
surface of TNT-50 presented to be cone-like structure and the distribution of the nanotubes was looser and much more
disordered (Figure 1H).

The results of energy dispersive spectrum (EDS) analysis confirmed that the introduction of oxygen into the
nanotubes and no impurities were brought in from the anodizing process (Figure 1I-M). Diameter of the nanotubes
was measured and the results showed that the mean diameter of nanotubes of TNT-30 was 61.4+2.4 nm while the mean
diameter of nanotubes of TNT-40 was 103.44+2.5 nm (Figure IN and O). However, the measured diameter of nanotubes
in TNT-50 presented abnormal distribution and the mean diameter of nanotubes could not be measured precisely
(Figure 1P). Roughness analysis showed that the fabrication of orderly distributed nanotubes on the Ti surface (TNT-
30 and TNT-40) significantly increased the roughness of the surfaces, compared with RT (p<0.05) and no difference in
roughness was found between TNT-30/40/50 (p>0.05).
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Figure | The topographical, chemical, and roughness features of raw titanium (RT) and TNT-30/40/50. Top view (A-D) and 45° tilt view (E-H) of the surfaces showed that
there were ridge-like structures on the surface of RT while nanotubes with varied diameter and distribution were fabricated on titanium surfaces. Energy dispersive X-ray
spectrometry (I-L) showed the chemical composition of each sample. Raw titanium consisted of elements including titanium (Ti), aluminum (Al), carbon (C), vanadium (V),
and gold (Au). After anodization in fluoride-containing electrolyte, oxygen (O) and fluorine (F) were introduced (panel M). Mean diameter of nanotubes was measured in
TNT-30 and 40, which were 61.4%2.4 nm and 103.4+2.5 nm (N and O). However, tubes diameter varied greatly in TNT-50 and the tubes distribution was abnormal, for
which reason mean diameter of the nanotubes could not be measured (P). Besides, compared with RT, the fabrication of nanotubes array (TNT-30/40/50) increased the
roughness of titanium surface (Q). (**Represents p<0.01, *Represents p<0.05, both are compared with RT).

Human Gingival Fibroblasts Were Identified via Indirect Immunofluorescence and

Flow Cytometry

Gingival cells were isolated and cultured (Figure 2A). Typical spindle shaped morphology could be observed under
bright field images (Figure 2B). Identification of fibroblasts was carried out via indirect immunofluorescence staining of
vimentin and CD90 (Figure 2C and D), which were considered as typical markers expressed by fibroblasts. Besides, flow
cytometry results also demonstrated that the harvested and analyzed cells highly expressed fibroblastic markers CD63
and CD10, whereas the expression of epithelial markers CD326 and CD24 were undetectable (Figure 2E-G). All these
results could confirm the cells we isolated and cultured were human gingival fibroblasts (HGFs).
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Figure 2 Cell identification and proliferation estimation of human gingival fibroblasts. Primary gingival fibroblasts were isolated from healthy gingiva of donor and cultured
carefully (A). Typical spindle-shaped morphology of human gingival fibroblasts was observed under bright field image (B). Vimentin (C) and CD90 (D) expression of HGFs was
visualized by indirect immunofluorescence assay. Forward scatter (FSC-A) plot against side scatter (SSC-A) plot was used to gate fibroblasts and to exclude cell debris (E).
CD10 and CD63 served as positive markers of HGFs with 97.7% of gated cells (F) while CD24 and CD326 served as negative markers (G). Equal amount of HGFs were seeded
on the surface of Ti disks of different groups (RT/TNT-30/TNT-40/TNT-50) and grew on consecutive 1/4/7 days (H). One blue dot of DAPI represented a single cell of fibroblast.
The results of cell counts showed that there was no significant difference in aspect of cell proliferation between groups at each timepoint, indicating the favorable
biocompatibility of nanotubes array on titanium surface (l). (Scale bar = 100 um in B, C, D, and H).
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Titanium Nanotubes Topography Exerted No Cytotoxicity to HGFs

HGFs were seeded on the surface of each group. The results of cell count under fluorescence microscopy demonstrated
that HGFs seeded on the Ti disks of all groups presented unaffected cell proliferation (Figure 2H). And there was no
significant difference between groups in aspects of cell proliferation (Figure 2I). The results indicated that the fabrication
of nanotubes array on the surface of titanium disks did not compromise cell proliferation and exerted no cytotoxicity to
the gingival fibroblasts.

TNT-30 and TNT-40 Increased Cell Spread in the Early Phase

The ability of cell spread was evaluated by measuring the adhering cell area and aspect ratio of gingival fibroblasts
cultured in different groups for 6 hr, 12 hr,1 d and 4 d, respectively (Figure 3). At the 6th hour of culture, cells of all
groups presented similarly round shape and no significant difference was seen between groups in cell area and aspect
ratio (Figure 3A-D). Later at the 12th hour of culture, HGFs cultured on TNT-40 surface extended much longer
protrusions compared with other groups (Figure 3E-H). On the contrary, the morphology of HGFs cultured on TNT-
50 surfaces did not change at the 12th hour (Figure 3H). Then on the first day of culture, aspect ratio of HGFs cultured on
TNT-30 and TNT-40 increased significantly (Figure 3I-L and R) (p<0.01), compared with RT and TNT-50. At this
timepoint, it was also shown that fibroblasts on TNT-40 presented the largest cell area compared with other groups
(Figure 3Q). On the 4th day of the culture, fibroblasts of all groups presented no difference in cell area and aspect ratio
(Figure 3M-P).

TNT-30 and TNT-40 Increased Cell Protrusion on the Ti Disks

Cell morphology was also evaluated via SEM. Similarly, at the 6th hour of cell culture, HGFs did not spread to spindle shaped
and were seen to be round shaped in all groups (Figure 4A-D). However, HGFs seeded on the surface containing nanotubes
(TNT-30/40/50) started to extend more pseudopodia to the surface of the Ti disks (details shown in Figure 4A1-D1),
compared with the fibroblasts on the RT surface. On the first day of cell culture, spindle-like cell morphology was observed
on TNT-30 and TNT-40, while cells on RT and TNT-50 did not fully spread (Figure 4E-H). The fabrication of tube-like
structures on titanium surface enables HGFs to extend tiny cell protrusions into the hollow space of the nanotubes, compared
with cells on RT which lack this kind of interaction with the surface of the materials (Figure 41-L).

Titanium Nanotubes Enhanced Fibroblast Migration

Wound healing assay was selected to evaluate cell migration of gingival fibroblasts in contact with titanium disk with different
topography (Figure 5). At the first day, compared with RT, the presence of nanotubes on titanium surface enhanced cell
migration to different extent. It was noteworthy that tube diameter of approximately 100 nm (TNT-40) had the greatest effect
on cell migration compared with other groups (p<0.05) (Figure SA—H). Later on day 2 of cell migration, fibroblasts on TNT-30
and TNT-40 presented greater migration ability compared with RT and TNT-50 (p<0.05) (Figure 5I-M). The present results
indicated that the fabricated nanotubes on the surface of titanium could enhance cell migration of gingival fibroblasts, and the
tubes with diameter of 60 and 100 nm might have the most promising effect.

Titanium Nanotubes Increased the Expression of Molecule Related to Cell Adhesion
mRNA and protein expression at three different timepoints were detected and quantified via quantitative real-time PCR
and Western blotting. Overall, HGFs seeded on nanotube-containing surfaces, no matter what topography, presented
higher expression in gene level of molecules related to cell adhesion such as ITGBI, FN, ITGA6, ITGB4, ICAM-1 and
COL-1, compared with raw Ti surface (p<0.05) (Figure 6A). Meanwhile, the results also indicated that orderly-
distributed nanotubes surface (TNT-30 and TNT-40) increased much more expression of cell-adhesion-related gene,
compared with TNT-50 representing disorderly-distributed nanotubes surface. The results of protein expression of
adhesive molecule demonstrated that compared with the raw Ti, the presence of nanotubes on the surface exerted
a positive role in regulating cell adhesion (Figure 6B), especially the expression of integrin f1 and fibronectin at all
timepoints of cell culture (Figure 6B). The presence of nanotubes surface increased the expression of integrin a6 at the

International Journal of Nanomedicine 2024:19 hetps: 2477
Dove:


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

Deng et al Dove

TNT-30 TNT-40 TNT-50

) .-..
J L
1d
4d '
Phalloidin/

6h

=

Cell area 15— Aspect ratio
6000

* F*k *

2w - EN RT EN RT
o~ o *k *ok
£ 4000- =3 TNT-30 £ 10 — — =3 TNT-30
% 3 TNT40 = —_ = 1 TNT40
o 3 TNT-50 Q 1 TNT-50
S 8
T 2000 £ 57
3 <

0- 0-
6hr 12hr 1d 4d 6hr 12hr 1d 4d

Figure 3 Adhesive morphology of HGFs was visualized with phalloidin staining (Green) under immunofluorescence microscopy. Fibroblasts were round shaped and started
to spread with pseudopodia at 6 hr of culture on the surfaces (A-D). At this timepoint, there was no significant difference between groups in cell area and aspect ratio. At
12 hr, HGFs on TNT-40 surface showed increased cell area compared with other groups (E-H) and demonstrated significantly increased aspect ratio compared with RT
(p<0.01), while HGFs on TNT-50 surface showed the least in cell area and aspect ratio. At |d of culture, cells of all nanotube groups (TNT-30/40/50) were spindles shaped,
and cell aspect ratios of TNT-30 and TNT-40 were significantly increased compared with RT and TNT-50 (p<0.01) (I-L). At 4 d of cell culture, no significant difference in
aspect ratio was seen between groups (M—P). Statistical analysis was shown in (Q) and (R). (Scale bar = 50 pum in all panels) (**Represents p<0.01, *Represents p<0.05, both
are compared with RT).
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Figure 4 Representative SEM images illustrating adhesive morphology of HGFs on different surfaces. At 6 hr of cell culture, though still round-shaped, compared with RT,
HGFs on nanotubes array (TNT-30/40/50) appeared to have plenty of pseudopodia extending from cell membrane (A-D, pseudopodia details in A1-D1). Later at | d of cell
culture, compared with HGFs whose morphology have not fully spread on RT and TNT-50 (E and H), cells on TNT-30 and 40 spread terminally and turned to be spindle
shaped (F and G). In higher magnification of dotted squares in panel (E-H), HGFs extended tiny protrusions (triangles in panel J-L) into the holes of the nanotube-
containing surfaces (I-L).

initial 6th hour and integrin B4 at the 12th hour. At other timepoints, protein expression of integrin a6 and 4 was not
significantly altered between groups. The semi-quantification of protein expression was presented in Figure 6C.

Discussion
A tight gingival sealing around dental implant abutment has been a requisite against the invasion of oral pathogenic
organisms. Compared with the presence of cementum which could anchor the perpendicularly inserted fibers from
periodontal ligament (Sharpey’s fibers) and gingiva, collagen fibers in the connective tissue run circularly around the
dental implant abutment without any surface modification, compromising gingival sealing efficacy.’ For this reason, there
is increasing researches focusing on surface modification in an aim of improving gingival adhesion and sealing on the
implant abutment, especially in a bionic pattern.***?

Among various modifications, fabrication of nanotubes on titanium surface is attracting increasing attention in recent
years. Nanotubes topography (diameter, height, and array) could be easily designed by changing anodizing

parameters such as the type of electrolyte, processing time, and anodizing voltage (Supplementary Figure). In the present

study, we fabricated three types of nanotubes on titanium surface, representing highly ordered nanotubes array with two
different tube diameter (~60 nm of TNT-30 group, ~100 nm of TNT-40 group) (Figure IN and O), and one group of
disordered nanotube array with abnormal distribution of tubes diameter (TNT-50) (Figure 1P). We aimed this study to
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Figure 5 Cell migration assay on titanium disks with different morphology. A straight scratch was made by using 200 pL pipette tip on the surface of the disks to simulate
a wound (A-D) and at the first day of cell culture (E-H), HGFs on nanotubes array (TNT-30/40/50) showed significantly increased migration area compared with RT
(p<0.05) (M). At this timepoint, TNT-40 demonstrated the highest increased cell migration ability compared with RT, TNT-30, and TNT-50. Later at the second day of cell
migration, HGFs on TNT-30 and TNT-40 presented greater migration ability compared with RT and TNT-50 (p<0.05) (I-L). (Scale bar = 100 um in all panels) (**Represents
p<0.0l, *Represents p<0.05).
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evaluate whether the presence of nanotubes on Ti surfaces could influence cell behaviors of gingival fibroblasts and to
determine what kind of topographical features could enhance cell adhesion on the titanium surface after modification.

Cell counts on a consecutive day were carried out to evaluate cell proliferation cultured on the surface, representing
the biocompatibility of the surface and the fabrication of nanotubes did not compromise cell proliferation and was proven
to be perfectly compatible to gingival fibroblasts (Figure 2H and I). Also, it has been widely accepted that early cell
adhesion on the surface in the initial stage plays an important role in the wound healing process.***> Cells of all kinds
should undergo several stages one by one before finally physically adhering to the surface, including contact, recognition,
intracellular molecular response, and morphological change.*® Highly ordered nanotubes array stimulated early cell
spread on the surface and fast transformation to spindle shape (12 hr and 1 d) (Figure 3Q and R), compared with raw Ti
surface and disordered surface (TNT-50). Aspect ratio was dependent on how long cell protrusions could be extended,
which is a representative feature of cell adhesion. The presence of orderly array of nanotubes elongated cell protrusions
compared with raw Ti surface, while disorderly nanotubes array adversely weakened cell extension on the surface in the
early stage (6 hr, 12 hr, and 1 d). At the late stage of adhesion (4 d), cells of all groups presented full spread and cell
extension (Figure 3). Besides, active cells would extend tiny protrusions from cell membrane to contact the surface as
much as possible. Gingival fibroblasts on surface containing nanotubes array (TNT-30/40/50) extended much more
pseudopodia to contact the surface (Figure 4B-D) though cells were still round-shaped. HGFs on TNT30 and TNT-40
transformed to spindle shaped and extended tiny protrusions from the membrane into the opening of the nanotubes on the
surfaces (Figure 4J and K). This kind of interaction resembled the natural insertion of collagen fibers in the connective
tissue of gingiva. However, we did not understand from SEM images how deep these tiny protrusions from cell
membrane were truly inserting into the nanotubes and whether collagen fibers would be secreted inside the nanotubes
in an oriented pattern. This is one of the limitations that need further investigation in our future study.
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Figure 6 Gene and protein expression of adhesion molecules. The presence of nanotubes regulated adhesion-related gene expression of fibroblasts (A). It was noteworthy that
integrin Bl (ITGBI) was upregulated, in all nanotube groups at all timepoints compared with RT (p<0.05). Fibronectin (FN) was upregulated in TNT-30 and 40 at 6 hr and 2 d of cell
culture compared with RTand TNT-50 (p<0.05). Integrin aé (ITGA6) was upregulated at 6 hr in TNT-30 and TNT-40 (p<0.05). At later stage of cell adhesion (12 hr and 2 d), Integrin 4
(ITGB4) was just upregulated in TNT30 and 40 (p<0.05). Intercellular cell adhesion molecule-1 (ICAM- ) was significantly upregulated in TNT-30 and 40 at 6 hr and 12 hr of cell culture
compared with RT and TNT-50 (p<0.05). Gene expression of type | collagen was upregulated in TNT-30 and 40 at all timepoints of cell culture, compared with RT (p<0.05). Protein
expression of Integrin 1/B4/06 and fibronectin was evaluated via Western blot and the results of protein expression of adhesive molecule demonstrated that compared with the raw Ti,
the presence of nanotubes on the surface exerted a positive role in regulating cell adhesion, especially the expression of integrin 31 and fibronectin at all the timepoints of cell culture
(B and C). The presence of nanotubes surface increased the expression of integrin a6 at the initial 6th hour and integrin 4 at the 12th hour. At other timepoints, protein expression of
integrin a6 and B4 was not significantly altered between groups. (*Represented p<0.05 compared with RT, *Represented p<0.05 compared with TNT-50).
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Adhesion molecules are a group of cell surface components participating in various biological processes.>’® Integrin
family has been widely recognized as a receptor and regulator on cell membrane, transducing cell signals from outer
environment and motivating cell behaviors including cell proliferation, adhesion, and migration.***' Integrin-mediated
signal transduction regulates remodeling of cytoskeleton systems which plays an important role in cell movement,
intracellular material transport, and the interaction with extracellular matrix (ECM). It was reported that actin-talin-
integrin-fibronectin complex was developed to serve as a force sensor to transduce biochemical signals and regulate cell
behaviors.* In the present work, we found fibronectin, integrin 1, B4, 06, and ICAM-1 in gene level was upregulated in
nanotubes array groups at different timepoints compared with raw titanium disk. Besides, compared with disorderly
nanotubes array (TNT-50), surface with highly ordered nanotubes array increased the expression of adhesion molecules
(Figure 6A and C). However, we found no significant difference in gene and protein expression of adhesion molecules
between TNT-30 and TNT-40 group which were both ordered array of nanotubes on Ti surfaces, indicating that tube
diameter of 60 nm and 100 nm might not affect cell adhesion of gingival fibroblasts. The influence of pore diameter on
cell growth and adhesion of HGFs are still controversial. For example, Gulati et al, found that nanopores with diameter of
50-75 nm on Ti surface increased cell area and cell aspect ratio compared with raw Ti but did not differ between groups
of nanopores.’® However, Ferra-Caiellas et al, found that pore diameter of approximately 74 nm induced better HGFs
response compared with pore size of 48 nm.>' In the present work, we found Ti surfaces with highly ordered nanotubes
(60 nm and 100 nm diameter) significantly enhanced HGFs cell adhesion at early phase compared with RT, while
disordered array of nanotubes hindered cell adhesion, in spite of the large pore size (more than 100 nm) of some tubes
found on the TNT-50 surface. To elucidate how pore size influences cell response of HGFs, in-depth investigation should
be carried out in future studies.

Enhancing fiber secretion and further guiding oriented fibers inserting into the topographical structures on Ti-based
materials have been two major challenges so far. It is worth noting that the gene expression of type I collagen (COL-1)
was significantly upregulated in nanotubes groups, especially at the second day of cell culture (Figure 6A), indicating that
nanotubes array might increase collagen secretion of fibroblasts accordingly. However, no inserting collagen fiber was
found on the surface from SEM image in our in vitro assay, which was a drawback of present study. Chen et al, creatively
inserted the type-I collagen into the nanotubes via semi-dry transfer system and successfully found perpendicular fibers
protruded from the surface of Ti disks from second harmonic generation (SHG) microscopy.**** But the work done was
quite initial and there were still challenges before it could finally be used in clinical practices. Therefore, nanotubes array
structures that are modified and optimized to accommodate the secreted collagen fibers of HGFs and to guide oriented
fiber insertion would be very helpful for the integration of soft tissue sealing to the abutment surface of dental implant.

Conclusions

Tuning the Ti surface of the abutment of dental implants in a pattern advantageous for cell growth and adhesion of
gingival fibroblasts (HGFs) and epithelium in the transmucosal region has been a recent focus in implant dentistry since
a healthy cuff and tight sealing around the dental implant abutment is essential for resistance against incoming invasion
of pathogenic microorganisms from the oral environment. Among various modifications, Ti surface with nanotubes
fabricated via electrochemical anodization (EA) is attracting increasing attention due to its easy processing and tailorable
topography, as well as the broader application in drug load and controlled release. In the present study, we found that
compared with raw titanium surface, the presence of nanotubes array on titanium surface could significantly enhance
HGFs adhesion and cell migration in the early phase. Additionally, compared with disorderly distributed nanotubes,
highly ordered nanotubes array might provide a much more favorable surface for HGFs to achieve a tight adhesion on the
materials. Gene and protein expression estimation confirmed upregulated expression in integrin family and intracellular
adhesion molecules, suggesting improved cell adhesion of HGFs on the nanotubular surfaces. The fabricated surfaces
containing nanotubes array might improve gingival adhesion and soft tissue healing around dental implant abutment,
contributing to a tight sealing that is less fragile to dental implant diseases.
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