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Abstract Background/purpose: Titanium dioxide nanotube (TNT) structures have been
shown to enhance the early osseointegration of dental implants. Nevertheless, the optimal
nanotube diameter for promoting osteogenesis remains unclear due to variations in cell types
and manufacture of nanotubes. This study aimed to evaluate the differences in MC3T3-E1 and
Saos-2 cells behavior on nanotubes of varying diameters.
Materials and methods: TNT structures were fabricated by anodizing titanium foil at voltages
ranging from 15V to 70V and annealed at 450 �C. Surface morphology and wettability were char-
acterized using field emission scanning electron microscopy and water contact angle measure-
ments, respectively. MC3T3-E1 and Saos-2 cells were cultured to evaluate biocompatibility.
Early cell morphology and adhesion were visualized by scanning electronmicroscopy. Cell prolif-
eration was quantified using CCK-8 assays, and differentiation was assessed through alkaline
phosphatase assays. Osteogenesis-related gene expression was analyzed by real-time polymer-
ase chain reaction (PCR), measuring runt-related transcription factor 2 (Runx-2), alkaline phos-
phatase (ALP), collagen type 1 (COL-1), osteocalcin (OCN), and Osteopontin (OPN) gene levels.
Results: Our results found that Saos-2 cells may be more suitable for TNT-related studies
compared to MC3T3-E1 cells. Notably, the 65V nanotube group, with a diameter of
135.9 � 15.83 nm, demonstrated the most significant osteogenic effect in our assays.
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Conclusion: Wepropose that the use and screening ofmultiple cell lines prior to the evaluation of
biomaterials can lead tomore accurate in vitro experiments, thereby enhancing the reliability of
biomaterial research.
ª 2024 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Introduction

Since the introduction of the concept of osseointegration,
the development of dental implant materials has tradi-
tionally focused on enhancing surface modification and
shape processing techniques for hard tissue implant mate-
rials.1,2 Despite the numerous modified materials that
demonstrate exceptional physical and chemical properties
and commendable biosafety, only a few modified materials
(e.g., sandblasted and acid-etched) have successfully
transitioned to commercialization for clinical applications.
One factor is cost; moreover, the divergence between
in vivo and in vitro results can lead to experimental fail-
ures, thereby posing a significant barrier to widespread
commercialization.3 In vitro study, biomaterials are typi-
cally evaluated by culturing osteoblasts to assess osteo-
compatibility, hard tissue regeneration, and osteoinductive
and osteoconductive properties.4 Therefore, to reduce the
discrepancy between in vitro and in vivo experimental re-
sults, it has been suggested that an in vitro model accu-
rately simulating bone formation in vivo should be
established before evaluating biomaterials.5 And the eval-
uation of cell types should also be considered.

Electrochemical anodizing is a viable method for the
surface treatment of dental implants, resulting in titanium
dioxide nanotube (TNT) surfaces with antimicrobial po-
tential and osteoinductive properties.6e8 Existing research
has concentrated on exploiting the super hydrophilicity and
high surface energy of titanium dioxide nanotubes to
enhance cell proliferation, as well as utilizing their unique
tubular structure for drug loading and controlled release.9

While previous studies have demonstrated that variations
in TNT tubular diameter influence cell behaviorda notion
that has gained wide acceptancedadvancements in nano-
tube fabrication technology have led to the production of
nanotubes with more uniform and consistent diameters.
This progress facilitates the identification of optimal con-
ditions for the preparation of titanium dioxide nanotubes to
promote early osteogenesis.10,11

TNT structures with both low and high tubular diameters
have been shown to produce favorable cellular outcomes.
However, discrepancies in cell usage and preparation
methods across studies present challenges for researchers
in selecting optimal nanotube preparation and cell culture
conditions for subsequent experiments.12,13 Few studies
have concurrently controlled for discrete nanotube di-
ameters, and variations in coating hydrophilicity, and
employed different cell lines to validate their findings. In
this study, we synthesized nanotubes with varying diameter
gradients through precise voltage adjustments and modu-
lated their hydrophilicity via annealing. We then evaluated
the effects of these nanotube structures on the
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proliferation and osteogenesis of the well-characterized
MC3T3-E1 and Saos-2 cell lines. The primary aim was to
elucidate the influence of titanium dioxide nanotube size
on osteoblast-like cells. Furthermore, we propose that
in vitro models of dental hard tissue biomaterials should
utilize a variety of cell lines to achieve more accurate
predictions in vivo outcomes.

Materials and methods

Fabrication of titanium dioxide nanotube
structures

As a substrate for TNT growth, we used 1 cm � 1cm, square
shape titanium foil with a thickness of 0.1 mm (99.6% pu-
rity), which was degreased by ultrasonication in 75%
acetone and methanol, then rinsed with deionized water
(DI) and dried in a desiccator. The electrolyte utilized for
gradient TiO2 nanotube arrays comprised 0.16 mol/L NH4F
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan),
10 vol% H2O, and ethylene glycol (EG, FUJIFILM Wako Pure
Chemical Corporation). The titanium foil was used as the
working electrode, and the platinum plate was used as the
counter electrode with a working distance of 25 mm. The
reaction was carried out at 20 �C for 1 h at different volt-
ages (15Ve70V with 5V intervals) and stored in EG for 24h.
All samples were ultrasonically cleaned in deionized water
for 2 min, dried naturally, annealed at 450 �C for 1 h, and
sterilized by autoclaving.

Surface morphology and wettability

The wetting properties of the sample surface were assessed
by measuring its static water contact angle. A microsyringe
(PCA-1, KYOWA, Saitama, Japan) carefully deposited a
distilled water droplet (4 ml) onto the sample surface. The
contact angle was determined by numerically fitting the
droplet images and estimated with an error of �1�. To
obtain more accurate images, the morphology of the
nanotubes was characterized with a field emission scanning
electron microscope (FESEM, Hitachi SU5000, Tokyo,
Japan). Pore sizes were measured using the ImageJ
software.

Cell culture

Murine MC3T3-E1 subclone 14 osteoprogenitor cells (CRL-
2594, ATCC, Rockville, MD, USA) and Human osteoblast-like
Saos-2 cells (85-HTB, ATCC) are commonly used osteoblast
cell lines, and frozen cells up to three generations old were
used for cellular experiments. Alfa-minimum essential
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medium (Nacalai Tesque, Kyoto, Japan) was used to culti-
vate the MC3T3-E1 cells, and 1640 medium (Nacalai Tesque)
was used to cultivate Saos-2, supplemented with 10 % fetal
bovine serum (FBS), 1% Glutamine (Nacalai Tesque), and
penicillin/gentamycin (Nacalai Tesque) at 37 �C with 5 %
CO2. A 60 mm cell culture dish was used as the culture
vessel, and cells were cultured at a density of 10,000 cells/
cm2 to confluence and applied to subsequent experiments.

Cell morphology

To examine cell morphology on various surfaces,
10,000 cells/cm2 of MC3T3-E1 and Saos-2 were seeded on
different samples in 24 wells and incubated for 12 and 24 h,
respectively. At the end of the incubation period, all samples
were rinsed twice with PBS and then fixed at 4 �C in 2.5%
glutaraldehyde solution overnight. The fixed cells were then
rinsed three times with PBS for 10 min each and sequentially
dehydrated with ethanol solutions (60%, 70%, 80%, 90%, 95%,
and 100% v/v). The samples were then placed in fresh t-butyl
alcohol (FUJIFILM Wako Pure Chemical Corporation) for
20 min, a process repeated three times. Following this, the
samples were placed in metal containers, with 50 ml of t-
butyl alcohol added to the surface, and frozen at �20 �C for
2 h. After freezing, the containers were placed in a freeze-
drying device (JFD-320, JEOL, Tokyo, Japan), where the re-
sidual water in the samples was displaced by t-butyl alcohol
and dried by sublimation of t-butyl alcohol under freezing
conditions, preserving cell morphology. To enhance the
electrical conductivity of the samples, a platinum coating
was applied using an auto-fine coater (JFC-1600, JEOL,
Tokyo, Japan). Finally, cells grown on the various samples
were observed using a Scanning Electron Microscope (JSM-
6390LA, JEOL, Tokyo, Japan).

Cell proliferation

Cells were seeded on the surface of different samples using
the sameprocedures as in the previous experiment. The cells
were incubated in cell chambers for 1, 4, and 7 days, and cell
activity was measured using a cell counting kit (CCK-8,
Table 1 Primers for mouse osteogenesis-related genes.

Gene Genebank ID DNA Primer

Mus Runx-2 NM_009820.6 FORWARD
REVERSE

Mus ALP NM_007431.3 FORWARD
REVERSE

Mus COL1 NM_007742.4 FORWARD
REVERSE

Mus OCN NM_007541.3 FORWARD
REVERSE

Mus OPN NM_001204203.1 FORWARD
REVERSE

Mus GAPDH NM_008084.3 FORWARD
REVERSE

Abbreviations: runt-related transcription factor 2, Runx-2; alkaline
osteopontin, OPN.
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Dojindo, Kumamoto, Japan). After each observation time,
the conditioned medium was replaced with 30 mL of CCK-8
reagent, and 330 mL of culture medium was diluted per well
and incubated for an additional 1 h. Absorbance was
measured at 450 nm using a Bio-Rad iMark Microplate
Absorbance Reader (Bio-Rad, Hercules, CA, USA).

Cell differentiation

An alkaline phosphatase kit assessed the early stage of cell
differentiation. Cells were seeded and cultured using the
previously described method for 14 days, with medium
changes every two days. After 14 days, cells in plates were
washed three times with PBS and incubated with 1% (v/v)
Triton X-100 at 37 �C for 15 min to lyse the cells. The re-
action was terminated with 0.1 M NaOH after 30 min at
37 �C using ALP reaction solution combined with superna-
tant according to the manufacturer’s instructions, and the
absorbance was measured at 415 nm. Total cellular protein
concentration was determined using a bicinchoninic acid
(BCA) protein assay kit (Takara Bio, Shiga, Japan),
measuring absorbance at 595 nm.

Osteogenesis-related gene expression

To detect the expression levels of osteoblast-related genes
in different groups of cells, cells were cultured for 14 days
and then assayed using the real-time PCR method. Total
RNA from each group was isolated using RNAiso Plus reagent
(Takara Bio) and reverse transcribed to cDNA using the
iScript Advanced cDNA Synthesis kit (Bio-Rad, Hercules, CA,
USA). PCR was extracted on a CFX96 Real-time PCR analysis
was performed on a CFX96 Touch Deep Well real-time PCR
system (Bio-Rad) using SsoAdvanced� Universal SYBR�
Green Supermix (Bio-Rad). Primers used in this study were
Runx2, ALP, COL-1, OCN, and OPN, with the housekeeping
gene Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
used as the internal control. The results were calculated
using the 2�DDCt method to calculate the data. The primers
used for the target and housekeeping genes are listed in
Tables 1 and 2.
Sequence Size (bp)

50- CCCAGCCACCTTTACCTACA -30 150
50- TATGGAGTGCTGCTGGTCTG -30

50-ATCTTTGGTCTGGCTCCCATG-30 106
50-TTTCCCGTTCACCGTCCAC-30

50-TAAGGGTCCCCAATGGTGAGA-30 203
50-GGGTCCCTCGACTCCTACAT-30

50-GGACCATCTTTCTGCTCACTCTG-30 131
50-GTTCACTACCTTATTGCCCTCCTG-30

50-CTCACATGAAGAGCGGTGAG-30 174
50-TCTCCTGGCTCTCTTTGGAA-30

50-GGTGAAGGTCGGTGTGAACG-30 233
50-CTCGCTCCTGGAAGATGGTG-30

phosphatase, ALP; collagen type 1, COL-1; osteocalcin, OCN;



Table 2 Primers for human osteogenesis-related genes.

Gene Genebank ID DNA Primer Sequence Size (bp)

Homo Runx-2 NM_001024630.4 FORWARD 50-GGTTAATCTCCGCAGGTCACT-30 143
REVERSE 50-CACTGTGCTGAAGAGGCTGTT-30

Homo ALP NM_001632.5 FORWARD 50-GACAAACTGGGGCCTGAGATA-30 247
REVERSE 50-CTGACTTCCCTGCTTTCTTGG-30

Homo COL1 NM_000089.4 FORWARD 50-ACAAGGCATTCGTGGCGATAAGG-30 106
REVERSE 50-ACCAGCGATACCAGGCAGACC-30

Homo OCN NM_199173.6 FORWARD 50-TCACACTCCTCGCCCTATTG-30 242
REVERSE 50-AGCCAACTCGTCACAGTCC-30

Homo OPN NM_000582.3 FORWARD 50-ACTGATTTTCCCACGGACCT-30 192
REVERSE 50-CTCCTCGCTTTCCATGTGTG-30

Homo GAPDH NM_002046.7 FORWARD 50-TCAAGAAGGTGGTGAAGCAGG-30 115
REVERSE 50-TCAAAGGTGGAGGAGTGGGT-30

Abbreviations: runt-related transcription factor 2, Runx-2; alkaline phosphatase, ALP; collagen type 1, COL-1; osteocalcin, OCN;
osteopontin, OPN.
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Statistical analysis

All experiments were repeated three times, and the data
were expressed as mean � standard deviation (SD). One-
way analysis of variance (ANOVA) and Tukey’s post hoc test
were used to test for statistical differences between sam-
ples. All differences were significant when P < 0.05. For the
results of this experiment, the considerable difference in
the letter labeling method indicates the means of different
groups by different letters (e.g., “a,” “b,” “c”). Means with
the same letter are not significantly different, while means
with different letters are significantly different.
Results

Nano surface characterization

Anodic oxidation experiments produced TNT structures on
the surface of titanium foil (Fig. 1). The narrow size
Figure 1 Schematic diagram illustrating the preparation of
titanium dioxide nanotubes (TNT) and the associated cellular
experiments.
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distribution of the nanotube inner diameters indicates
excellent homogeneity and the surface finish of the TNT
coating at different voltages (Fig. 2A). Visible cracks
appeared on the nanotube coating at voltages between 30V
and 55V. In contrast, fewer cracked structures were
observed at anodic oxidation voltages ranging from 15V to
25V and 60V to 70V (Fig. 2A). Histograms of nanotube di-
ameters along with their respective Gaussian fits for each
experimental condition (Fig. 2B). The measured diameters
were as follows: 41.8 � 5.4 nm at 15V, 43.1 � 6.6 nm at 20V,
49.6� 7.7 nm at 25V, 60.6� 7.7 nm at 30V, 75.9� 10.5 nm at
35V, 84.3 � 13 nm at 40V, 94.2 � 11.4 nm at 45V,
102.6 � 12.1 nm at 50V, 88.7 � 24.9 nm at 55V,
110.7 � 8.5 nm at 60V, 135.9 � 15.8 nm at 65V, and
115.9 � 17.1 nm at 70V (Fig. 2C).

The water contact angle on the surface of the nanotube
structure is significantly lower than that on pure titanium
(Fig. 3A). The contact angles for each group are as follows:
88.2 � 0.4� for pure titanium, 10.5 � 0.6� for 15V,
13.7 � 1.7� for 20V, 11.6 � 1.8� for 25V, 11.3 � 0.6� for 30V,
6.1 � 0.3� for 35V, 6.5 � 0.8� for 40V, 4.4 � 0.4� for 45V,
6.5 � 0.4� for 50V, 5.1 � 1.1� for 55V, 5.2 � 0.7� for 60V,
4.1 � 0.4� for 65V, 5.4 � 0.6� for 70V (Fig. 3B).

Osteoblast-like cell behaviors on nanotube

MC3T3-E1 cells were incubated on the sample surface for 12
and 24 h, and early cell adhesion patterns were observed
using SEM (Fig. 4). The results demonstrated that the cells
exhibited a typical fibroblast-like shape. Notably, there was
a distinct difference in cell morphology between the
nanotube and pure titanium groups.

Saos-2 cells were also incubated on the sample surface
for 12 and 24 h to observe different cell morphologies
(Fig. 5). The cell morphology is typical of an irregular
epithelioid cell pattern, and there were also large differ-
ences in cell morphology between the different nanotube
groups. At the same time, the cells became more malleable
and had a larger surface area as the inoculation time
increased.

While there was a variance in the cell proliferation
ability of MC3T3-E1 on various material surfaces, the



Figure 2 The results of nanotube surface characterization. (A) Surface micromorphology images of different substrates were
obtained with scanning electron microscope, respectively (10,000 � , scale bar Z 5 mm). Insets of images were magnified scanning
electron microscope graphs (100,000 � , scale bar Z 500 nm). (B) Histograms of the diameter of titanium dioxide nanotubes in
different groups with fitted curves. (C) Line graph showing the growth trend of titanium dioxide nanotubes.

Figure 3 Contact angles of various samples. (A) Images of contact angles on different surfaces; (B) Contact angle values of
different surfaces. Data are expressed as mean � SD, n Z 3 replicates per group. Different lowercase letters indicate statistically
significant differences between groups (P < 0.05). Data are presented as mean � SD, with n Z 3 replicates for each group.

A. Ma, Y. Zhang, J. Chen et al.
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Figure 4 Morphological images of MC3T3-E1 cells were obtained by scanning electron microscopy. (A) MC3T3-E1 cells were
cultured on different substrates for 12 h; (B) MC3T3-E1 cells were cultured on different substrates for 24 h (1000 � , scale
bar Z 10 mm).

Figure 5 Morphological images of Saos-2 cells were obtained by scanning electron microscopy. (A) Saos-2 cells were cultured on
different substrates for 12 h; (B) Saos-2 cells were cultured on different substrates for 24 h (1000 � , scale bar Z 10 mm).

Journal of Dental Sciences 19 (2024) S26eS37
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Figure 6 Cell proliferation results of different samples. (A) MC3T3-E1 cells were cultured on different surfaces for 1, 4, and 7
days; (B) Saos-2 cells were cultured on different surfaces for 1, 4, and 7 days. Different lowercase letters indicate statistically
significant differences between groups (P < 0.05). Data are presented as mean � SD, with n Z 3 replicates for each group.

A. Ma, Y. Zhang, J. Chen et al.
observed differences were predominantly not statistically
significant overall (Fig. 6A). But significant differences in
cell proliferation were evident in Saos-2 cells (Fig. 6B). And
proliferation rate of MC3T3-E1 cells was higher than Saos-
2 cells (Fig. 6C).
Differentiation and gene expression

After 14 days of culture, both cell types exhibited compa-
rable differentiation trends across various sample surfaces
(Fig. 7). Except for the comparison between the 65V and
70V groups, there were no significant differences observed
in MC3T3-E1 cells across the various nanotube groups
(Fig. 7A). The differentiation ability of Saos-2 cells was
essentially enhanced with increasing nanotube diameter,
reaching its peak in the 65V group (Fig. 7B).

Saos-2 cells demonstrated a more homogeneous osteo-
genic gene expression profile, with significantly elevated
Figure 7 Cell differentiation results of different samples. (A) MC
Saos-2 cells were cultured on different surfaces for 14 days. Differe
between groups (P < 0.05). Data are presented as mean � SD, wit
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levels of ALP, COL-1, OCN, and OPN in the high-tubular
diameter group, particularly at 65V, compared to pure ti-
tanium (Fig. 8B). Conversely, the MC3T3-E1 group exhibited
an unstable expression pattern, with elevated levels of
osteogenesis-related genes at 30V, 50V, and 60V (Fig. 8A).
Moreover, MC3T3-E1 cells did not exhibit an enhanced
osteogenic differentiation trend when exposed to nanotube
structures relative to pure titanium.
Discussion

Compared to previous experiments, the TNT structure was
successfully obtained with a shorter reaction time of 1 h.14

In this experiment, the third-generation TNT anodizing
technique was employed, which produces relatively or-
dered nanotube structures compared to the first and sec-
ond generations, thereby excluding the effect of diameter
variations within the group.15 Recent studies indicate that
3T3-E1 cells were cultured on different surfaces for 14 days; (B)
nt lowercase letters indicate statistically significant differences
h n Z 3 replicates for each group.



Figure 8 Real-time PCR results of runt-related transcription factor 2 (Runx-2), alkaline phosphatase (ALP), collagen type 1
(COL-1), osteocalcin (OCN), and osteopontin (OPN) gene expression levels in MC3T3-E1 cells (A) and Saos-2 cells (B) after 14 days of
culture on different samples. Different lowercase letters indicate statistically significant differences between groups (P < 0.05).
Data are presented as mean � SD, with n Z 3 replicates per group.
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the growth rate of crack density in anodizing processes
follows a power-law relationship with the anodizing
voltage, where the power exponent decreases with
increasing anodizing temperature.16 In the current experi-
ment, a rise in electrolyte temperature was observed with
increasing voltage during the anodizing reaction, which
attributed to Joule heating caused by the current,
exothermic reactions at the electrodes, and resistive
heating within the electrolyte.17 Due to the limitations of
the cooling system and the ambient temperature, along
with the gradual warming of the electrolyte in the 30Ve50V
voltage range, precise monitoring and control of the elec-
trolyte temperature were challenging. Consequently,
visible cracks were detected in the imaging results for
these experimental groups.

By comparing the tube sizes, the 55V group exhibits
significant variability in nanotube diameters compared to
other groups, deviating from a normal distribution and
lacking a well-fitted Gaussian curve. Concurrently, the
mean diameter values at 55V and 70V do not follow a linear
correlation in the plotted line graph. This discrepancy could
be attributed to fluctuations in electrolyte temperature
and ambient temperature. However, the variation in
experimental conditions does not undermine the overall
conclusion: higher voltage leads to increase in nanotube
diameters and a broader distribution of those diameters.

According to previous studies, the TNT structure pro-
vides a permeable space for liquid, reducing the contact
angle and making the surface more hydrophilic. TNT dem-
onstrates high surface energy at elevated voltages, and the
TNT structure allows for greater permeation space as the
tube diameter increases.18,19 Upon annealing, the TNT
surface becomes superhydrophilic due to the formation of
anatase.20 In this experiment, starting with the 35 V group
(diameter of 75.9 � 10.5 nm), the contact angle remains
constant despite variations in TNT diameter.

Early cell adhesion is a critical process where cells
attach to the extracellular matrix (ECM) or other cells. This
process begins with the recognition and binding of specific
molecules on the cell surface to ligands in the ECM or on
adjacent cells.21 Previous studies have shown that the
significantly smaller surface area of the flattened titanium
substrate with fewer topological cues compared to the TNT
group may not be sufficient for optimal cell attachment.22

After 12 and 24 h of incubation, MC3T3-E1 cells on the
surface of the nanotubes showed more pronounced filopo-
dia with significantly longer structures and a higher degree
of contact compared to pure titanium (Fig. 4). This
behavior is consistent with previous osteoblast observa-
tions, where the interaction between cells and nanotubes
enhanced cell dissemination and overall cellesubstrate
interaction.23,24 However, the changes in MC3T3-E1 cell
morphology across different groups of nanotubes over
various time points are relatively small. In contrast, Saos-
2 cells exhibited morphological differences on TNT surfaces
with varying tube sizes. After 12 h of incubation, cells in all
TNT groups displayed filopodia structures and typical
epithelial cell morphology compared to smooth pure tita-
nium. However, after 24 h of incubation, the cell area in
the TNT group at voltages lower than 35V enlarged, and
colonies formed between the cells. At voltages exceeding
35V, although the cell morphology still showed extended
S34
filopodia and maintained a tendency for contact, there was
still a tendency for the cells to form colonies. This phe-
nomenon is related to differences in material hydrophilicity
and may be influenced by the stronger hydrophilicity of the
TNT structure above 35V. Similarly, a previous study showed
that nanotube structures with a tube diameter larger than
75 nm are beneficial for cell adhesion, which is consistent
with the results of this experiment.25

To evaluate the biocompatibility of anodized surfaces,
we studied the cell viability of different osteoblast-like cell
types. The proliferation efficiency of MC3T3-E1 cells was
significantly higher than that of Saos-2 cells within 7 days.
This is likely due to MC3T3-E1 cells forming multilayered
cell stacks under specific culture conditions, resulting in
vertical growth, a phenomenon not observed with Saos-
2 cells.26 In the differential cellular presence on the
nanotube surface is not evident due to the high prolifera-
tive activity of MC3T3 cells. In contrast, Saos-2 cells
exhibited notable variability on different nanotube surfaces
on the fourth and seventh days. While previous studies have
demonstrated the impact of nanotube structures on
cellular behavior, it is essential to consider the inherent
proliferative tendencies of cells when comparing different
nanotube structures.27 The excessive proliferation of cells
may influence the efficacy of various nanotube structures in
promoting cell proliferation. Given the low proliferative
capacity of human osteoblasts compared to cell lines,
selecting a cell line with a lower proliferative capacity for
biomaterials experiments may yield more rigorous results.28

The proliferation rate of MC3T3-E1 cells was significantly
higher than that of Saos-2 cells and similar with the previ-
ous study.29 At the same time, there is basically no signifi-
cant differences observed among the different
experimental groups for MC3T3-E1 cells. Consequently, in
this study, analyzing the proliferation ability of Saos-2 cells
may provide more meaningful insights than those of MC3T3-
E1 cells. On the first day, cell numbers increased in all
nanotube groups compared to pure titanium, except for the
60V group. This observed trend may be attributed to the
superhydrophilicity of the nanotube structure, which fa-
cilitates early cell adhesion and consequently enhances the
initial cell proliferation capacity.10 However, on the fourth
day, cell proliferation diminished as the nanotube diameter
increased. This trend persisted into the seventh day, with
cell proliferative capacity mirroring a similar pattern as on
the fourth day. Notably, the 15V nanotube group exhibited
a significantly higher pro-proliferative capacity compared
to pure titanium on both the fourth and seventh days,
suggesting a strong influence of nanotube diameter on cell
proliferation. This finding aligns with previous studies
indicating that low-diameter nanotubes promote cell pro-
liferation. Conversely, the high-diameter nanotube groups
after 50V significantly decreased cell proliferation
compared to pure titanium and control groups especially in
the 60 V group. This observation suggests that nanotubes
with a larger diameter promote cell differentiation while
inhibiting cell proliferation, consistent with previous
findings.30,31

Alkaline phosphatase (ALP) is abundantly expressed in
mineralized tissue cells and plays a critical role in the
biomineralization process essential for hard tissue forma-
tion.32 Relative to the control and pure titanium groups,
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samples with larger nanotube diameters, particularly the
65V group, exhibited significantly enhanced cellular dif-
ferentiation. The differentiation trend of Saos-2 cells
positively correlated with nanotube diameter, peaking in
the 65V nanotube group (135.9 � 15.83 nm). This trend is
consistent with the previous distribution of nanotube di-
ameters (Fig. 2). The differentiation trend of MC3T3-E1
cells was less pronounced than Saos-2 and showed an
opposite trend at 50V. Previous studies have shown that the
basal alkaline phosphatase activity of Saos-2 cells is 100 to
1000 times higher than that of other established human
osteogenic sarcoma cell lines. In the present experiments,
the alkaline phosphatase activity of Saos-2 cells was nearly
100-fold higher than that of the corresponding MC3T3-E1
cells in all groups.33 We hypothesize that the low expression
of ALP in MC3T3-E1 cells mitigates the influence of the TNT
structure on cellular osteogenic differentiation, thereby
reducing the variability in the effects of different TNT
structures. Additionally, the absence of osteogenic in-
ducers in the MC3T3-E1 cell culture and the limited 14-day
culture period, as opposed to the 21 days, likely prevented
the nanotube structure’s full impact on MC3T3-E1 cell dif-
ferentiation from being observed. However, this result
provides side evidence that Saos-2 cells can achieve
promising differentiation outcomes within a shorter time-
frame when evaluating TNT materials for cellular pro-
differentiation. The superior properties of this cell line
may also render it suitable for studies involving other
biomaterials.

In addition to alkaline phosphatase (ALP) assays, evalu-
ating the expression of osteogenic genes is essential for a
comprehensive assessment of osteoblast differentiation
and functionality. The expression and activity of Runx-2 and
ALP are pivotal markers of early osteogenic differentiation,
with Runx2 gene upregulation typically accompanied by
increased expression of COL-1, OCN, and OPN.34,35 There
was no clear trend in the expression of osteogenesis-related
genes in the MC3T3-E1 cell model, with high expression
occurring in both the high and low nanotube diameter
groups. Additionally, the nanotube groups did not show
better osteogenic gene expression than the control and
pure titanium groups. But similar to the results of the ALP
experiments, Saos-2 cells exhibited more pronounced
trends compared to MC3T3-E1 cells. This was particularly
evident in the ALP gene assay, where the expression of ALP
genes increased with increasing nanotube diameter, peak-
ing at 65V. COL-1, OCN, and OPN gene expression also
peaked at 65V, providing a crucial indication for our group’s
focus in subsequent experiments. This also suggests that
Saos-2 cells may be more suitable for nanotube research
experiments than the MC3T3-E1 cell model.

As a result of the anodizing experiments, high voltage in-
duces a thermal effect according to Joule’s law. Tomaintain a
constant voltage, the current gradually increases, leading to a
further rise in the temperature of the reaction solution.
Consequently, instability in temperature regulation may
affect the experimental outcomes. In this experiment, the
reaction at 70 V generated excessive heat, and the cooling
equipment was unable to maintain the stability of the reac-
tion solution temperature. Therefore, SEM analysis revealed
that while the average tube diameter at 70 V is similar to that
at 60 V, the variance is significantly larger.
S35
In osteogenesis experiments, the ALP experiment
showed that the 60V and 70V groups exhibited lower dif-
ferentiation capacity compared to the 65V group. In gene
experiments, there was no statistically significant differ-
ence in osteogenic gene expression between MC3T3 cells in
the 65V and 70V groups. In contrast, in Saos-2 cells,
although the difference in osteogenic gene expression be-
tween the 65V and 70V groups is more pronounced, it is
evident that 60V shows higher expression of early osteo-
genic genes, such as RUNX-2, ALP, and Col-1, while the late
osteogenic genes, OCN and OPN, are more highly expressed
at 70V. This suggests that 60V has a strong osteogenic po-
tential; however, this does not necessarily imply that the
osteogenic effect of 60V is superior to that of 70V. How-
ever, 65V shows a tendency for high expression in both
early and late osteogenic genes, a phenomenon that will be
investigated in future experiments.

Research on titanium dioxide nanotubes in biological
contexts is not a novel topic. As early as 2007, Jung Park
et al. demonstrated that nanotube structures with di-
ameters of 15e30 nm significantly accelerated integrin
clustering and focal contact formation in rat MSCs, leading
to a marked increase in cellular activity.10 Further studies
in 2009 reinforced these findings, showing that nanotubes
with diameters of 15e30 nm promote the differentiation of
rat MSCs into endothelial and muscle cells more effectively
than those with diameters of 100 nm.12 However, in the
same year, an opposing view was presented, suggesting that
100 nm nanotubes could promote osteoblast differentiation
more effectively than 15e30 nm nanotubes.36 Meanwhile, a
great deal of research re-examines the question.37e39

Consequently, the optimal tube size of titanium dioxide
nanotubes has remained a subject of debate.

However, most of these studies are based on first- and
second-generation nanotube technologies, which often
exhibit limitations in terms of nanotube self-assembly
ordering and surface smoothness.15,40 In addition, this
experiment improves upon previous studies by increasing
the voltage intervals and precisely differentiating between
voltage levels. Moreover, it is the first to compare the ef-
fects of nanotube structures across different cell lines.

In conclusion, this study suggests that Saos-2 cells would
be more suitable for TNT-related studies. The observed
differences between MC3T3-E1 and Saos-2 cells highlight
that even the same material may yield different results
depending on the cell line used for evaluating biomaterials.
Additionally, a comparison of samples with different
tubular diameters revealed that the 65V (135.9 � 15.83 nm)
group showed the best osteogenic results in the osteogenic
assay. The size of these nanotubes will be studied in greater
depth in subsequent experiments. Our study provides
limited insights into the direct effects of these two cell
lines on titanium dioxide nanotubes. Therefore, further
studies are needed to establish in vitro experimental con-
ditions that reflect bone formation and regeneration in vivo
and to evaluate titanium dioxide nanotubes for more
effective and accurate application in dental implants.
Nonetheless, this work offers new ideas, suggesting that
the use and screening of multiple cell lines allow for more
accurate in vitro experiments with biomaterials and offer
valuable insights for future research and applications of
Tio2 nanotubes.
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