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TiO2 nanoparticles (NPs) have the potential to be used in the human body as an artiﬁcial implant because of their special
physicochemical properties. However, information about the eﬀects of TiO2 NPs on preosteoblast proliferation and osteogenic
diﬀerentiation is not clear. In this work, we focus on the impact of TiO2 NPs with diﬀerent shapes and sizes on the proliferation
and diﬀerentiation of MC3T3-E1 cells. The morphology and physicochemical properties of TiO2 NPs are analyzed by scanning
electron microscopy, transmission electron microscopy, Quadrasorb SI analyzer, dynamic light scattering, and zeta potential.
The MTT results indicate that when the concentration of TiO2 NPs is less than 20 μg/mL, the proliferation of osteoblasts is
preserved the most. The expression of alkaline phosphatase and osteocalcin is detected by BCA and enzyme-linked
immunosorbent assay to analyze the diﬀerentiation of osteoblasts. The results indicate that both rutile and anatase TiO2 NPs
have a signiﬁcant inhibiting inﬂuence on the diﬀerentiation of osteoblasts. Alizarin Red staining is performed on cells to detect
the mineralized nodules. The results show that TiO2 NPs can promote the mineralization of MC3T3-E1 cells. Then, we study
the oxidative stress response of MC3T3-E1 cells by ﬂow cytometry analysis, and all TiO2 NPs induce the excessive generation of
reactive oxide species. On the other hand, our study also shows that the early apoptotic cells increase signiﬁcantly. TiO2 NPs are
swallowed by cells, and then the agglomerated particles enter mitochondria, causing the shape of mitochondria to change and
vacuolation to appear. All these results show that TiO2 NPs have certain cytotoxicity to cells, but they also promote the
mineralization and maturation of osteoblasts.

1. Introduction
With the development of nanotechnology, there is a tremendous growth in the application of nanoparticles (NPs) to
drug delivery systems, healthcare, antibacterial materials,
optics, and electronics [1, 2]. Compared with ﬁne particles,
the interest in NPs is mostly due to their special physicochemical properties like higher speciﬁc surface area, which
enhances their reactivity. Since surface properties, such as
energy level, electronic structure, and reactivity, are quite different from interior states, the bioactivity of NPs is consid-

ered diﬀerent from that of the ﬁne size analogue [3].
Therefore, the potential impacts of NPs on cells and tissue
have been investigated by many researchers [4–10].
As a member of NPs, TiO2 NPs possess similar surface
properties to the general NPs. Due to their unique physicochemical properties, TiO2 NPs are widely used as a photocatalyst in solar cells, pigment in paints, corrosion-protective
coating in bone implants, etc. [11–14]. Recently, concerns
have been raised on the biological response of TiO2 NPs.
Ferin et al. [15] reported that ultraﬁne TiO2 (~20 nm)
accessed the pulmonary interstitium in rat lung and caused
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inﬂammatory response compared with ﬁne TiO2 at the same
mass burden. Kumazawa et al. [16] observed that ﬁne Ti particles (1-3 μm) were phagocytized by the neutrophils (about
5 μm) both in vitro and in vivo, and they concluded that the
cytotoxicity of Ti particles was dependent on the particle size.
Thereafter, TiO2 NPs have been widely investigated to identify the potential toxicity to various cells, such as human
ﬁbroblasts, macrophages, and dermal microvascular endothelial cells [17, 18]. These studies tried to illustrate the cell
toxicological inﬂuence of TiO2 NPs based on particle sizes
[19], surface coatings [20], crystal structures, and doses
[21]. However, few studies investigated the impact of TiO2
NPs on cell osteogenic diﬀerentiation.
Bone tissue is an extremely dynamic and diverse tissue in
the human body. Trauma, injury, infections, and bone extracellular matrix loss are among the most health-threatening
problems for humans [22]. Bone tissue engineering is an
exciting approach to directly repair bone defects or engineer
bone tissue transplantation [23]. A large number of studies
on bone tissue engineering have veriﬁed the inﬂuence of various materials, stress, and other factors on cell proliferation,
diﬀerentiation [24–29], and mineralization [30–33] in bone
tissue. During bone reconstruction, several cell types, especially osteoblasts, colonize the bone defect. Osteoblasts are
mostly responsible for bone regeneration because of their
ability to secrete a large amount of proteins on the bone
matrix surface by their large Golgi apparatus [34]. Owing to
the important role osteoblasts play in bone formation, it is
of great interest to investigate whether TiO2 NPs could promote cell osteogenic diﬀerentiation. In this study, we investigate the inﬂuence of concentration, shape, and size of NPs on
preosteoblast proliferation and its osteogenic diﬀerentiation
by coculturing MC3T3-E1 cells with TiO2 NPs. MC3T3-E1
cell proliferation is detected by the CCK-8 kit. Cell apoptosis
and reactive oxidative species (ROS) are analyzed by ﬂow
cytometry. ALP and OCN are detected to evaluate the diﬀerentiation and proliferation of osteoblasts, and the mineralized nodules are stained using Alizarin Red to estimate the
mineralization of osteoblasts.

2. Materials and Methods
2.1. Materials. The commercial pure TiO2 NPs (A1, R1, and
R2; Wan Jing New Material Co. Ltd.; purity > 99:8%) and
rutile TiO2 NPs (A2, Beijing Nanchen Technology Development Co. Ltd.) without any coating were used in this study, as
shown in Table 1. Minimum Essential Medium Eagle (MEM)
was purchased from Gibco Invitrogen (USA). Fetal bovine
serum (FBS) was purchased from MDgenics (New Zealand).
Penicillin G and streptomycin were purchased from
INALCO (USA). Cell counting kit-8 (CCK-8); ALP assay
kit; 2,7-dichlorodihydroﬂuorescein diacetate (DCFH-DA)
assay kit; total glutathione assay kit; superoxide assay kit;
total superoxide dismutase (SOD) assay kit with WST-1;
lipid peroxidation product (malondialdehyde, MDA) assay
kit; cell lysis buﬀer; and BCA protein assay kit were all
obtained from Beyotime Institute of Biotechnology (Jiangsu,
China). Phenylmethanesulfonyl ﬂuoride (PMSF) was provided by Roche Co. Ltd. The trypsin was purchased from
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AMRESCO (USA). The mouse bone gla protein/osteocalcin
(BGP/OCN) ELISA kit was provided by Nanjing Jiancheng
Bioengineering Institute. Alizarin Red S was obtained from
Bellancom Chemistry. Dexamethasone and β-glycerophosphate were obtained from Sigma-Fluka. L-ascorbic acid was
purchased from AMRESCO (USA). All other reagents used
in this study were analytical grade.
2.2. Characterization of TiO2 NPs. TiO2 NPs were suspended
in anhydrous ethanol and ultrasonicated for 5 s × 10 circles at
200 W. The suspension was dipped on the cleaned silicon
wafer. The size and shape of TiO2 NPs were detected by
SEM (Hitachi S-4800 SEM). TEM (FEI Tecnai G2 F20 STwin) was used to characterize the microstructure proﬁle of
TiO2 NPs. The surface properties for TiO2 NPs such as surface area, average pore diameter, and pore volume were
determined under the Quadrasorb SI analyzer (Quantachrome Instruments, USA) by N2 absorption at 77.3 K. To
evaluate the dispersion and aggregation status of TiO2 NPs
in aqueous solution, the DLS method was performed by a
particle size and zeta potential analyzer (Zetasizer Nano
ZS90, Malvern Instruments, UK).
2.3. Sedimental Observation of TiO2 NPs Suspended in PBS. A
series of experiments were set to observe the sediment of the
TiO2 NP suspension. The TiO2 NPs were dispersed in fresh
sterilized PBS solution at the concentrations of 10, 30, and
100 μg/mL, respectively. To disperse the TiO2 NPs, the suspension was ultrasonicated for 5 s with a 7 s interval at
200 W for 10 times (ultrasonic cell disruptor system, Jiangsu,
China). Then, the TiO2 NP suspension was left standing for
12 h. The sediment status was recorded by digital camera
(Canon PowerShot S95, Japan). Then, 5, 10, 20, and 30 μg/mL
nano-TiO2 suspensions were prepared in PBS. To increase the
dispersion of NPs, bovine serum albumin (BSA) was added in
PBS with a concentration of 2 mg/mL (40 : 1 compared with
the weight of TiO2 NPs). The 20 μg/mL TiO2 NPs in MEM
was used as a contrast. All TiO2 NP suspensions were standing
for 48 h to record the status of the sediment.
2.4. Cell Culture. The mouse preosteoblast MC3T3-E1 cells
were obtained from the National Platform of Experimental
Cell Resources for Sci-Tech (Beijing, China). The cells were
incubated in MEM supplemented with 10% FBS, 100 U/mL
penicillin, and 100 μg/mL streptomycin at 37°C in a fully
humidiﬁed atmosphere containing 5% CO2 in air. The culture
medium was changed every 3 d until the cells reached 80100% conﬂuence. The cells were seeded in 96-well plates at a
density of 8:0 × 103 cells per well in 100 μL culture medium
to evaluate the cell activity. For other analyses, the cells were
seeded in 6-well plates at a density of 2:5 × 105 cells per well
in 2 mL of culture medium. After 70% conﬂuence, the cells
were exposed to four types of nano-TiO2 suspensions. The
TiO2 NP suspension (1 mg/mL) was freshly dispersed in PBS
solution containing 2 mg/mL BSA. To avoid aggregation, the
suspensions were ultrasonicated for 30 min in sealed sterile
tubes. Then, the suspension was diluted by MEM to 20 μg/mL.
After adding 10% FBS, 20 μg/mL TiO2 NP suspension was
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Table 1: Characterization of TiO2 NPs.

Original
No. Crystal
no.

Shape

Size (nm)

Speciﬁc surface
area (m2/g)

Average pore
diameter (nm)

Total pore
volume (cc/g)

Z‐Ave
(d·nm)

Zeta
potential
(mV)

1

A1 Anatase

Red blood
cell like

D: 45:87 ±
7:75

97.75

1.79

0.56

166.6

5.7

6

A2 Anatase

Sphere

D: 79:39 ±
22:58

10.37

1.93

0.05

653.3

-18.7

Long rod

D: 52:37 ±
7:35
L: 86:55 ±
12:13

21.51

2.17

0.22

408.7

2.3

Long rod

D: 25:46 ±
9:65
L: 75:34 ±
13:28

28.27

2.44

0.17

183.6

-22.0

2

4

R1

R2

Rutile

Rutile

cultured with MC3T3-E1 cells. Culture media without TiO2
NPs served as the control in each experiment.
2.5. CCK-8 Assay. The MC3T3-E1 cells were exposed to four
types of nano-TiO2 for 24 h, and the concentration of NPs
was 20 μg/mL. Then, the cells were washed with PBS for 2
times and incubated with 100 μL MEM medium and 10 μL
CCK-8 at 37°C for 2 h. MEM and CCK-8 without cells were
set as the negative control. The intensity was detected using
the Varioskan Flash microplate reader (3001, Thermo Fisher
Scientiﬁc, USA) at 450 nm. Cell viability was expressed as the
percentage of viable cells relative to control. All experiments
were performed at least in triplicate.
2.6. Determination of ROS Production and Superoxide. The
production of ROS was determined by the ﬂuorescence
probe DCFH-DA. After being cocultured with four types
of 20 μg/mL TiO2 NPs for 24 h, MC3T3-E1 cells were collected. Then, the cells were incubated with 10 μM DCFHDA in the dark for 20 min at 37°C and reverse mixed
every 3-5 min to prove the full reaction of the probe with
cells. Then, the cells were washed 3 times with serum-free
culture medium. The cells cultured with 1 μL Rosup served
as positive control. The oxidation of DCFH by ROS yields
a highly ﬂuorescent compound, 2 ′ ,7 ′ -dichloroﬂuorescein
(DCF), which can be analyzed by ﬂow cytometry (BD
FACSCalibur, USA). The mean intensity of DCF ﬂuorescence was obtained from 20,000 cells in each experiment
group under 488 nm excitation and 530 nm emission settings. WST-1 was reduced by superoxide to orange soluble
formazan, which was detected at 450 nm. In this kit, the
catalase enzyme was added to eliminate the interruption
of H2O2, and SOD was used to exclude the interference
and correct the result.
2.7. TEM of MC3T3-E1 Cells. For the TEM study, MC3T3-E1
cells cocultured with or without TiO2 NPs were collected by a
cell scraper, then immediately immersed in 2.5% glutaraldehyde at 4°C overnight. After washing with PBS suﬃciently,
the samples were ﬁxed with 1% osmium tetroxide, dehy-

drated in a graded series of ethanol, embedded in araldite,
and polymerized for 24 h at 37°C. The ultrathin sections
(60 nm) were cut, stained with uranyl acetate and lead citrate,
and then observed with a TEM (Hitachi H-600, Japan) at
50 kV.
2.8. Cell Apoptosis Assay. Apoptosis was assessed by Annexin
V-FITC and PI staining followed by analysis with ﬂow
cytometry. The methodology followed the procedures as
described in the Annexin V-FITC/PI detection kit. The cultured cells were exposed to four types of TiO2 NPs at a concentration of 20 μg/mL for 24 h. Then, the cells were collected
by trypsinization, washed with PBS, and centrifuged at
1,000 rpm for 5 min. The cells were resuspended at 1 × 106
cells/mL in Annexin V binding buﬀer solution eventually.
Aliquots of cells (100 μL/tube) were incubated with 5 μL
Annexin V-FITC, then mixed and incubated for 15 min at
room temperature in the dark. PI was added to distinguish
necrotic cells. Finally, 400 μL binding buﬀer was added to
each tube, and the cells were analyzed by ﬂow cytometry
within 1 h of staining.
2.9. Determination of ALP Activity and OCN. ALP was
assayed as the release of p-nitrophenol from p-nitrophenyl
phosphate (pNPP) in alkaline buﬀer as mentioned before.
Brieﬂy, cell layers in a 6-well plate were washed 3 times with
PBS and then incubated with 100 μL cell lysis buﬀer with 1%
Triton X-100 for 40 min on ice. The cell lysates were removed
with a cell scraper placed into an EP tube. After centrifugation at 12,000 rpm for 10 min at 4°C, the supernatant was
used to determine the enzyme activity. At the same time,
the protein content was also detected according to the BCA
method. The products of OCN in the culture medium was
measured using the method of ELISA. The assays were performed strictly according to the manufacturer’s instruction.
Brieﬂy, a puriﬁed anti-mouse OCN antibody was precoated
onto an ELISA microplate. The culture media was concentrated by lyophilization and reconstituted in PBS and pipetted into the wells. All OCN present was bound by the
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Figure 1: Micrographs of TiO2 NPs by SEM. (a) The diameter of A1 TiO2 NPs is 45:87 ± 7:75 nm. (b) The diameter of A2 TiO2 NPs is
79:39 ± 22:58 nm. (c) The diameter and length of R1 TiO2 NPs are 52:37 ± 7:35 nm and 86:55 ± 12:13 nm, respectively. (d) The diameter
and length of R2 TiO2 NPs are 25:46 ± 9:65 nm and 75:34 ± 13:28 nm, respectively.

immobilized antibody. Polyclonal HRP-conjugated avidin
was used to measure the ﬁxation of primary Abs.
2.10. Mineralized Nodule Staining. Alizarin Red S staining
was used to evaluate the inﬂuence of TiO2 NPs on MC3T3E1 cell mineralization. Brieﬂy, the cells were cultured to
100% conﬂuence in MEM medium and exposed to four types
of TiO2 NPs in the osteogenic medium containing MEM
medium and 10 mmol/L β-glycerophosphate and
0.05 mmol/L-ascorbic acid. The osteogenic medium was
changed every 3 d. At 28 d, the cell layers were washed 3 times
with PBS and ﬁxed in 95% ethanol for 10 min. After being
washed 3 times with water, the cells were stained by 0.1%
Alizarin Red S for 30 min. The mineralized nodules were
imaged and counted by microscopy.
2.11. Statistical Analysis. All data were reported as mean ±
standard deviation (SD) and analyzed using the SPSS 13.0 (SPSS
Inc., USA). Statistical analysis was performed for the experimental data using one-way analysis of variance (ANOVA). Results
with p < 0:05 were considered statistically signiﬁcant.

3. Results
3.1. Characterization of TiO2 NPs. In this study, anatase and
rutile TiO2 were provided and characterized in detail. The

SEM and TEM micrographs of TiO2 NPs are shown in
Figures 1 and 2. For the anatase TiO2, A1 was like red blood
cells (Figure 2(a)) with an average diameter of 45:87 ± 7:75
nm (Figure 1(a)). A2 was spherical (Figure 2(b)) with an
average diameter of 79:39 ± 22:58 nm (Figure 1(b)). For the
rutile TiO2, R1 and R2 were long rods with diﬀerent sizes
(Figures 2(c) and 2(d)). The average length of R1 was 86:55
± 12:13 nm and the average diameter was 52:37 ± 7:35 nm
(Figure 1(c)), whereas the average length of R2 was 75:34 ±
13:28 nm and the average diameter was 25:46 ± 9:65 nm
(Figure 1(d)). The physical properties of TiO2 NPs are well
summarized and listed in Table 1.
DLS was used to analyze the aggregation ability of TiO2
NPs in solution. The hydrodynamic diameter distribution
of TiO2 NPs in an aqueous solution is shown in Figure 3.
For the rutile TiO2, R1 showed a peak at 408.7 nm (size distribution from 141 to 1106 nm) with a zeta potential of
2.3 mV, which suggested that R1 was agglomerated and
aggregated easily in solution. R2 showed a narrow peak at
183.6 nm (size distribution from 105 to 396 nm), which indicated that the R2 suspension was stable owing to the zeta
potential of -22.0 mV (Table 1). For anatase, the average
diameter of A1 at the peak was 166.6 nm, and A2 showed a
high, narrow peak at 235.3 nm with a low peak at 5.1 μm.
The zeta potentials of the anatase and rutile suspensions are
determined and listed in Table 1.
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Figure 2: Micrographs of TiO2 NPs by TEM: (a) A1 is erythrocyte like; (b) A2 is spherical; (c) R1 is a long rod; (d) R2 is a long rod.

3.2. Determination of TiO2 NP Concentration. The sedimentation of TiO2 NPs was recorded by camera to select the
appropriate concentration used in the experiment.
Figure S1 shows the sedimentation of TiO2 at
concentrations of 10, 30, and 100 μg/mL in PBS containing
BSA for 12 h. The 100 μg/mL TiO2 NP group was allowed
to settle after standing for 2 h. There were some ﬂocculated
precipitates in 30 μg/mL TiO2 NPs at 6.5 h, and the
precipitates became obvious at 12 h. However, no sediment
was observed in the suspension at the concentration of
10 μg/mL by settling for 12 h.
Figure S2 is the sedimentation of TiO2 NPs lower than
30 μg/mL in PBS and culture medium for 48 h. The
20 μg/mL TiO2 NPs in culture medium was set as
control. The 30 μg/mL group showed ﬂocculated
precipitates at 12 h, whereas no precipitate could be
found in TiO2 NP suspension at a concentration of less

than 20 μg/mL after 48 h. This indicated that the
suspension with a concentration of less than 20 μg/mL
showed good stability and dispersion both in PBS and in
culture medium.
3.3. Viability of MC3T3-E1 Cells Cocultured with TiO2 NPs.
The cell viability was determined by coculturing MC3T3-E1
preosteoblast cells with A1 and R2 TiO2 NPs at diﬀerent concentrations (Figure 4). After 24 h incubation, cell viability
was decreased over 50% when the concentration of TiO2
NPs was higher than 50 μg/mL, and this group also exhibited
high cytotoxicity (Figure 4(a)). The cells showed about 80%
viability when the concentration of TiO2 NPs was between
30 and 50 μg/mL, which was signiﬁcantly lower than the control group (Figure 4(c)). However, when the concentration of
TiO2 NPs was lower than 10 μg/mL, it had no inﬂuence on
cell viability (Figure 4(b)). At 20 μg/mL, TiO2 NPs also
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Figure 3: Hydrodynamic diameter distribution of nano-TiO2 in aqueous solution analyzed by the DLS method. (a) The average diameter of
A1 at the peak is 166.6 nm. (b) A2 shows a high, narrow peak at 235.3 nm. (c) R1 shows a peak at 408.7 nm. (d) R2 shows a narrow peak at
183.6 nm.

showed no obvious eﬀect on cell viability. These results indicated that 20 μg/mL was a critical value for the cell viability of
TiO2 NPs, and diﬀerent levels of cytotoxicity were shown
over this concentration.
3.4. ALP and OCN Expression of MC3T3-E1 Cells. To ﬁnd out
the inﬂuence of NPs on ALP expression, the MC3T3-E1 cells
were cocultured with A1 and R1 TiO2 NPs at concentrations
of 20, 50, and 100 μg/mL for 7 and 14 d. Compared with the
blank control group, the osteogenic diﬀerentiation ability of
all experimental groups was signiﬁcantly decreased
(Figure 5(a)). Moreover, A1 and R1 TiO2 NPs had diﬀerent
degrees of inﬂuence on osteoblast diﬀerentiation. When the
concentration is low, the inhibitory eﬀect on cell diﬀerentiation of R1 is less than that of A1. However, with the increase
of NP concentration, the inhibitory eﬀect of rutile materials
on cell diﬀerentiation was gradually stronger than that of
anatase materials. The ALP level of cells cocultured with A1
and R1 materials for 14 d is shown in Figure 5(b). When
the concentration of A1 was 20 μg/mL, the ALP level was
reduced by 64.30% compared with the control. When the
concentration was 50 and 100 μg/mL, the ALP level

decreased by 43.01% and 47.69%, respectively. The inhibition
eﬀect of R1 on cell diﬀerentiation was similar with that of A1.
These results indicated that both A1 and R1 had negative
impacts on the diﬀerentiation of preosteoblast cells. As for
the results of OCN, there was no signiﬁcant diﬀerence
between the experiments groups and the control group
(Figure S3).
3.5. Determination of ROS Production and the Antioxidant
Level. Lots of evidence pointed out that ROS production
represented a hallmark in TiO2 NP toxicity. In this study,
ROS production and the antioxidant level in MC3T3-E1
cells were tested and the results are shown in Figure 6.
The ﬂuorescence intensity of oxidized DCF increased in
cells when treated with TiO2 NPs (Figure 6(a)), which
was especially obvious in the A1, R1, and R2 groups
(p < 0:05). This meant that ROS was generated in response
to the treatment of 20 μg/mL TiO2 NPs. In addition, WST1 was used to detect the level of superoxide production in
cells. Compared to the control group, four types of TiO2
NPs induced signiﬁcantly higher superoxide production
(Figure 6(b)). Total glutathione (T-GSH), the main
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Figure 4: Cell viability of MC3T3-E1 cells cocultured with diﬀerent concentrations of TiO2 NPs. ∗ p < 0:05 signiﬁcantly diﬀerent from the
corresponding control group.

antioxidant, decreased in TiO2 NP-treated cells, and the
signiﬁcantly downregulated T-GSH was detected in the
A1 and R1 groups (Figure 6(c)). SOD and MDA were also
detected to show the level of oxidative stress in MC3T3-E1
cells. After treatment with TiO2 NPs, SOD and MDA activity was slightly higher than that in the control, which was
especially obvious for the R1 group (p < 0:05)
(Figures 6(d) and 6(e)).
3.6. TEM Characterization of MC3T3-E1 Cells Cocultured
with TiO2 NPs. After coculturing with TiO2 NPs, the membrane of MC3T3-E1 cells was distorted and caved in, enclosing the aggregated TiO2 NPs (Figure 7(a)). The clustered
TiO2 NPs were enclosed by the plasma membrane of cells
and internalized into the cytoplasm around cell nucleus
(Figure 7(b)). Some NPs were located in the mitochondria,
and the internalization of TiO2 NPs caused the ultrastructural change of MC3T3-E1 cells. The nuclear envelope was

distorted though the cell nucleus was clear and intact. Meanwhile, the nuclear chromatin was condensed and distributed
over the fringe of the nucleus. The number of mitochondria
and lysosome increased, and the lamellar cristae became
irregular and disordered. At the same time, mitochondrial
structures became swollen and vacuous, suggesting that the
storage of nano-TiO2 within mitochondria resulted in some
damage to the organelle. The swelling of the golgi complex
was also observed (Figure 7(c)), which suggested the injury
of the golgi complex. After exposure to A2 and R2 for 24 h,
cell disintegration and an apoptotic body appeared
(Figures 7(d) and 7(e)). The TEM results indicated that
TiO2 NPs were absorbed in the cells and induced some injury
at the subcellular level.
3.7. Cell Apoptosis and Mineralized Nodules of MC3T3-E1
Cells Cocultured with TiO2 NPs. MC3T3-E1 cell apoptosis
and necrosis were observed by ﬂow cytometry
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Figure 5: ALP expression of MC3T3-E1 cells cocultured with TiO2 NPs for 7 d (a) and 14 d (b). ∗ p < 0:05 signiﬁcantly diﬀerent from the
corresponding control group.
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Figure 6: Oxidative stress in MC3T3-E1 cells treated with nano-TiO2 for 24 h by measuring the levels of (a) ROS, (b) superoxide production,
(c) total glutathione (T-GSH), (d) SOD, and (e) MDA. Data are expressed as mean ± SD of three repeated experiments. ∗ p < 0:05; signiﬁcantly
diﬀerent from the control group.
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Figure 7: The ultrastructure morphology of MC3T3-E1 cells after exposure to TiO2 NPs for 24 h. ∗ indicates the swelling of mitochondria
and vacuolization. ↗ indicates the internalization of TiO2 NPs and aggregation in the cytoplasm. Ο indicates the swelling of the golgi
complex. ▲ indicates the apoptotic body.
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4. Discussion
In this study, we selected anatase and rutile TiO2 NPs as test
nanomaterials. MC3T3-E1 preosteoblast cells were used as
tested cells to evaluate the inﬂuence of TiO2 NPs with diﬀerent sizes and shapes on bone formation. Firstly, the sizes and
shapes of TiO2 NPs were evaluated by SEM and TEM. The
anatase nanomaterials were like red blood cells with a diameter of 45:87 ± 7:75 nm and had a spherical shape with a
diameter of 79:39 ± 22:58 nm. Some studies found that the
same materials with diﬀerent sizes have a diﬀerent inﬂuence
on cell formation [35]. It is generally believed that the particles with sizes smaller than 10 μm are easily swallowed by
cells, while those with sizes bigger than 10 μm are more likely
to be circumvoluted by macrophages. Based on this, we predicted that the nanomaterials can be swallowed by preosteoblasts and inﬂuence the cells. According to the results of the
NP suspension precipitation experiment, we found that
material concentrations below 30 μg/mL can guarantee no
precipitation for 24 h. By measuring the eﬀects of diﬀerent
concentrations of TiO2 NPs on cell proliferation, we determined that the optimum material concentration for experiments is 20 μg/mL, which not only conforms with the
actual range of material concentration in the physical environment but also ensures that TiO2 NP precipitation does
not occur after 24 h.
Osteoblast is the main cell type participating in bone formation, which is responsible for synthesis, secretion, and
mineralization of the bone matrix. Bone is constantly reconstructed, and the bone reconstruction process is maintained
by the cooperation of osteoblasts and osteoclasts. The balance between osteoblasts and osteoclasts is the key to maintaining normal bone mass. It was found that particles from
high molecular polyethylene wear can inhibit the proliferation and diﬀerentiation of osteoblasts [36]. We ﬁnd the same
trend in the process of cocultivation of TiO2 NPs and osteoblasts. By cell proliferation tests, we can ﬁnd that if the concentration of TiO2 NPs is lower than 50 μg/mL, the
osteoblast proliferation is signiﬁcantly impaired as the particle concentration increases. Once the concentration of TiO2

120
100

Cell ratio (%)

quantitatively. As shown in Figure 8, after exposure to the
four types of TiO2 NPs, the percentage of cells in early
apoptosis increased by 130.37% (A1), 81.38% (A2),
99.63% (R1), and 116.11% (R2) compared to the control
group, respectively. Moreover, the percentage of cells in
late apoptosis and necrosis in the exposure groups was signiﬁcantly higher than that in the control group. However,
it is worth noting that the majority of the cells were alive.
The percentage of live cells was 88.64% in the control
group, and the percentage in the exposure groups
remained at the level of about 80%. This was consistent
with the result obtained by the CCK-8 method.
After 28 d of culture with diﬀerential medium, the mineralized nodules were stained with Alizarin Red S (Figure 9).
The mineralized nodules could be found in all groups, which
increased signiﬁcantly in TiO2 NP-exposed groups. These
results indicated that TiO2 NPs promoted osteoblast mineralization and maturation.
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Figure 8: Cell apoptosis and necrosis detected by ﬂow cytometry
after being treated with nano-TiO2 for 24 h. ∗ p < 0:05; signiﬁcantly
diﬀerent from the control group.

NPs is less than 10 μg/mL, the NPs do not produce a dose
eﬀect on cells. We reckon that cell proliferation ability does
not show an obvious change when the material concentration
is too low. Besides, when the concentration of TiO2 NPs is in
the range of 10-50 μg/mL, the dose eﬀect on cells appears at a
slower trend. The comprehensive results show that TiO2 NPs
can aﬀect cell growth and metabolism, seriously reducing the
number of living cells. This is probably because NPs are recognized as foreign bodies, and the exogenous substances
block cell endocytosis and metabolism.
We selected 20 μg/mL as the test concentration to
observe the eﬀect of coculture time with diﬀerent types of
TiO2 NPs on osteoblast diﬀerentiation and intracellular
mineralization. The results showed that at short coculture
times, the NPs had little eﬀect on osteoblasts, but when
the coculture time was prolonged to 7 or 14 d, it showed
a signiﬁcant diﬀerence. All experimental groups inhibited
the expression of ALP, which means that TiO2 NPs inhibit
the proliferation and diﬀerentiation of MC3T3-E1 cells, and
anatase NPs inhibited the expression of ALP more than
rutile NPs. The results of oxidative stress also indicated that
TiO2 NPs can induce cells to produce ROS and superoxide,
leading to cell apoptosis or necrosis. Some studies reveal
that metallic ions have a signiﬁcant inﬂuence on the cell
cycle distribution of osteoblasts, inhibiting their proliferation and leaving most cells dormant [37, 38]. From the
TEM micrograph of MC3T3-E1 cells, we can also see that
NPs are prone to reuniting in the solution, then entering
mitochondria after being swallowed, causing mitochondrial
degeneration, necrosis, cavitation, and even an intracellular
material leakage phenomenon which reduces the activity
and diﬀerentiation ability of cells. At the same time, the
apoptosis rate increased and the ALP expression was inhibited by TiO2 NPs, which reduce the vitality of osteoblasts.
Thereafter, we can conclude that though TiO2 NPs can
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Figure 9: Alizarin Red S-stained mineralized nodules after coculture with diﬀerentiation medium for 28 d (arrows). There were more
mineralized nodules in the experimental groups (b, c, d, e) compared with the control group (a). (f) Statistical graph of the quantity of
mineralized nodules in diﬀerent groups. There were signiﬁcant diﬀerences between four experimental groups and the control group.

promote the maturation and mineralization of osteoblasts,
they are not absolutely safe biomedical materials, and even
a low dose of 20 μg/mL for short periods of stimulation has
inﬂuence on cells.

5. Conclusion
TiO2 NPs have a certain negative inﬂuence on bone formation. Here, we ﬁnd that all the concentrations, shapes, and
coculture times of nano-TiO2 have diﬀerent inﬂuence on
the proliferation and diﬀerentiation of bone cells. In general,
the presence of nano-TiO2 in tissues can accelerate cell senescence and apoptosis, leading to decreased osteoblast activity
and obstructed bone formation.
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