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Using orthogonal design of experiments (DOE), the highly ordered TiO, nanotube arrays on Ti6Al4V
alloy was achieved by anodic oxidation in a standard two-electrode system. According to the L;¢(4%)
orthogonal array, sixteen experimental runs were set for anodizing voltage, duration time and H,O
content in the electrolyte with four different levels. Scanning electron microcopy (SEM) images
showed the various features of TiO, nanotubes anodized at different electrochemical conditions. The
long neat nanotube with honeycomb-like structure was also formed in an array. The range analysis and
variance analysis of DOE revealed that the voltage was the primary factor to influence the dimension
of the anodized Ti0O, nanotubes. The sequence of influential factors was voltage > duration time > H,O
content. The optimal level for the H,O content and duration time was 4 wt% and 3h, respectively. The
surface wettability of Ti6Al4V alloy became hydrophilic and enhanced with the anodizing voltage
increasing.

Keywords: anodization; TiO, nanotube arrays; orthogonal design; anodizing voltage; duration time;
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1. INTRODUCTION

Compared with the common surface of materials, arrays of TiO, nanotubes formed by
anodization have gained much concern in last decade because of its nano-array feature on Ti or Ti
alloy. The remarkable nano-characteristic is potentially promising in a wide field of application,
including dye-sensitized solar cells [1], water splitting [2], drug delivery [3], and biomedical implants
[4, 5]. Ti6Al4V alloy is successfully used in medical prosthesis and orthopedic and dental implants
from the 1950s, owing to its plasticity, toughness, strength, weldability, corrosion resistance and
biocompatibility. The implants failure generally occurs between the implant and the underlying bone



Int. J. Electrochem. Sci., Vol. 11, 2016 711

surface because of poor osseointegration, though a thin layer of passive and protective natural TiO, is
formed on the surface. For enhancing the interaction between orthopedic implant and bone, the
anodization of TiO; nanotube arrays on Ti alloy is a simple and practicable way to improve cell
adhesion and to accelerate bone growth [6-8].

The growth of nanoporous TiO, film on Ti and Ti6Al4V alloy is firstly reported by Zwilling et
al. in chromic acid media containing HF [9]. It is well known that TiO, nanotube arrays can grow up in
two kinds of electrolyte, one is aqueous-based electrolyte, and the other is organic-based electrolyte.
The fluoride ion in the electrolyte is necessary for the fabrication of the nanostructure on Ti and its
alloys [10-12]. Using Ti or Ti alloy as anode, Pb as cathode, Gong et al. successfully fabricated the
TiO, nanotubes in aqueous electrolyte containing HF [13]. However, in these early works, the tube
length was of only few hundred nanometers with a relatively low degree of order. Since then, many
researchers devoted to the anodization method to seeking for how to tune the morphology of TiO,
nanotubes.

The geometric characteristics of nanotube arrays are determined by multiple factors, including
anodizing voltage, duration time, temperature, electrolyte composition (including organic- or water-
based electrolyte, pH, and water content) and its viscosity [7, 14, 15]. By tailoring the electrochemical
parameters and the electrolyte concentration, Macak et al. achieved TiO, nanotubes with high aspect
ratio in organic electrolyte [16]. The length of nanotubes can be controlled precisely from several to
hundreds of micrometers when the organic-based electrolyte is used, such as ethylene glycol. In the
past decades, both the field-assisted dissolution model and the “plastic flow” model are elaborated to
illustrate the growth mechanism of nanotubes in fluoride-containing electrolytes [7, 10, 17-19]. In
2008, Zhu et al. introduced a growth model of oxygen bubble mould (OBM), which emphasizes that
the oxygen bubble is the precondition of the oxide flow from the pore base to the pore wall [20, 21].
Until now, the mechanism is still in controversial and unclear. However, it is well known that the
anodizing voltage, duration time and water content in electrolyte are important factors in the process of
nanotube growth. To fabricate the highly ordered TiO; nanotube arrays on Ti or Ti alloy for further
bone application, it is difficult to select the electrochemical conditions and to determine the electrolyte
composition. The aim of this paper is to provide a systematic approach to grow highly-organized TiO,
nanotube arrays on Ti6Al4V alloy by orthogonal design of experiments (DOE). The morphology of
nanotube arrays is analyzed by scanning electron microscopy, and the surface wettability is measured
by a contact angle meter.

2. MATERIAL AND METHODS

2.1 Materials

Ti6Al4V alloy (Imm thickness) was purchased from Chang’an Minglong Mould Steel
(Dongguan, Guangdong). The samples of Ti alloy (10x10x1mm) were cut, and then mechanically
polished with silicon carbide sandpaper of 400, 800, 1200 and 2000 grits successively. The surface of
each sample was washed with acetone, ethanol and distilled water by ultrasonic for 15 min. NH4F and
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acetone were obtained from Beijing Chemical Works (Beijing), and ethylene glycol (EG) and absolute
ethanol were obtained from Guangfu Fine Chemical Research Institute (Tianjin). All chemicals used in

this study were of AR grade.

2.2 Orthogonal design of experiments

For experimental design, parameter optimization is a significant step to obtain a highly ordered
TiO; nanotube arrays on Ti6Al4V alloy. In this study, the method of orthogonal experimental design
was used. The different levels for anodizing voltage, duration time and H,O content in the electrolyte
were selected and listed in Table 1. According to the L;5(4’) orthogonal array, 16 experimental runs

were set and shown in Table 2.

Table 1. Levels for anodizing voltage, time and H,O content in the orthogonal experimental design

Factors
Levels Voltage (V)  H,O content (wt%) Duration Time (h)
A B C
I 20 2 2
I 30 3 3
I 40 4 4
1\ 50 5 5

Table 2. Experimental runs in the orthogonal design using L15(4°) orthogonal array

Experimental runs Sample No. Voltage (V) H,O content (wt%) Duration time (h)

1 S1 Al BI CI
2 S2 Al BII CII
3 S3 Al BIII CIII
4 S4 Al BIV C1lv
5 S5 All BI CII
6 S6 All BII CI
7 S7 All BIII C1lv
8 S8 All BIV ClIII
9 S9 Alll BI CIII
10 S10 Alll BII Clv
11 S11 Alll BIII CI
12 S12 Alll BIV CII
13 S13 AIV BI Clv
14 S14 AlV BlI CIII
15 S15 AlV BIII CII
16 S16 AIV BIV CI

According to the H,O content (table 1), the electrolyte was prepared by mixing EG, H,O and
0.25 wt% NH4F in a glass beaker at room temperature (about 25°C). Based on 16 experimental runs
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listed in table 2, the anodization was performed in a two-electrode system with Ti alloy as the anode
and plumbum foil as the cathode under an anodizing voltage supplied by a DH1720A-4 DC power
source (60V1A, Dahua Electronic, Beijing, China). The distance between the two electrodes is kept at
3 cm in all anodizing process. After electrochemical anodization, the as-anodized TiO, nanotube arrays
was rinsed with deionized water and then ultrasonicated in ethanol for 1 min.

2.3 TiO, nanotubes fabricated at different anodizing voltage

To detect the influence of anodizing voltage on the morphology of nanotube, the voltage
gradient (including 20, 25, 30, 35, 40, 45, 50, 55, and 60 V) was performed to fabricate TiO,
nanotubes in the electrolyte mixed with EG, 0.25 wt% NH4F and 3 wt% H,O for 3 h.

2.4. Characterization of TiO, nanotube arrays

The morphology of the TiO, nanotube arrays on Ti6Al4V was observed using field emission
scanning electron microscope (QUANTA FEG250, FEI) at an accelerating voltage of 20 kV. Finally,
the dimensions of TiO, nanotubes were measured using ImageJ software (NIH, USA). The mean and
standard deviation (SD) were used to measure the dispersion of nanotubes.

The static water contact angle measurements of the TiO, nanotube arrays were carried out on a
JY-82C contact angle analyzer (Chengde, China) to quantify the degree of hydrophilia. The scan area
was 10 mm x10 mm.

2.5 Statistical analysis

All data about the diameter of nanotubes was statistically analyzed using SPSS 13.0 for
windows (SPSS Inc., Chicago, IL, USA). The range analysis and variance analysis were carried out for
the orthogonal experimental design. P < 0.05 was set as the statistically significant.

3. RESULTS AND DISCUSSION

3.1 Morphology of TiO, nanotube arrays growth in fluoride-containing EG electrolytes

Figure 1 shows the SEM images of the TiO, nanotube arrays anodized at 20V using the
orthogonal design of experimental method. In Figure 1a, the small nanopores have been grown on the
surface of Ti6Al4V at 20V, 2.0 wt% H,O for 2h. The porous layer partially covers on the nanotubes
(Figure 1a and 1b). This is initiated during the first stage of growth, also called compact oxide layer
[22]. The porous layer is absent on the nanotubes fabricated under other conditions. From the sectional
view (inset of Figure 1), it is clear that the nanotubes are long, and the close-packed clusters of
nanotube are formed at the top parts of the tubes, which is called nanograss. .
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Figure 1. SEM images of TiO, nanotube arrays fabricated by anodization at 20V using orthogonal
experimental design. (a) S1, (b) S2, (C) S3, (d) S4

In an electrochemical cell, anodization of a metal is a self-organized process to create porous or
tubular oxide layer on metal substrate (anode or working electrode) with an inert counter electrode
(usually platinum, carbon or plumbum). For aluminium, hexagonal nanoporous alumina is usually
formed in fluoride-containing electrolytes. For Ti or Ti alloys, at an applied voltage, Ti*" ions are
driven from Ti substrate toward the electrolyte and a compact TiO, oxide layer grows initially on the
anode surface because the water is electrolyzed to cause the field-assisted movement of ions (Eq.
1&2). Then, in the fluoride-containing electrolyte, the field-assisted dissolution at the metal-oxide
interface (Eq 3) and chemical dissolution at the oxide-electrolyte interface (Eq. 4) are followed
simultaneously to form tubular layer. It is shown as the following:

Metal oxidation: Ti > Ti*" + 4¢ (Eq. 1)
Oxide layer formation: Ti + 2H,0 ---> TiO, + 4H" (Eq. 2)
Field-assisted dissolution: ~ Ti*" + 6F ----> [TiF¢]* (Eq. 3)

Chemical dissolution: TiO, + 6F + 4H" ----> [TiF¢]* +2H,0 (Eq. 4)

When the oxide growth at the metal-oxide interface under high field condition balances with
the dissolution at the oxide-electrolyte interface, the steady state is reached, leading to the self-ordering
nanotube growth, at the same time, the thickness of nanotubular layer remains unchanged.

According to the process of anodization, the applied voltage, duration time, and water content
in electrolyte are the key factors when fabricating TiO; nanotubes. In organic electrolyte containing
EG, the long nanotubes with high aspect ratio are generally obtained. However, with the duration time
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extended, the top part of ordered long nanotubes disintegrated and transformed into nanograss. The
formation mechanism of nanograss was fully elaborated because the nanotubes were bundled on the
top surface of TiO;-nanotubes [23-25]. The bundling of nanotubes is mainly induced by the over-
etching of the top parts that are very thin and fragile [26]. Lee et al. [17] reported that the chemical
etching thinned out and finally penetrated tube walls, resulting in some needle-like structures at the
tube tops and collapse. Apart from the duration time, the morphology of nanotubes depends on the
amount of H,O in the electrolyte. The 8 % water content could result in the “ripples” on the wall of the
nanotubes.

4 g () cr‘f%r%ogt CF,CE(*
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Figure 2. SEM images of TiO, nanotube arrays fabricated by anodization at 30V using orthogonal
experimental design. (a) S5, (b) S6, (C) S7, (d) S8

Thus, to obtain the highly ordered arrays, the H,O content is limited in the organic electrolyte.
In this study, the different H,O content is selected including 2 wt%, 3 wt%, 4 wt%, and 5 wt%. Figure
2 is the SEM images of TiO, nanotube arrays anodized at 30V. The comparatively neat TiO, nanotube
arrays is formed on the surface of Ti6Al4V alloy. With the increase of H,O content from 2 wt% to 5
wt%, the neat and distinct TiO, nanotube is anodized with the clear surface. At the same time, the
ripples are observed on the tube wall from the inset sectional view of Figure 2c-d, but not found on the
tube wall of Figure 2a. It is reported that the ribs at the tube wall are closely correlated with the water
content in the electrolyte [27, 28]. No water-containing organic electrolyte result in very smooth
nanotube without ripples. Berger et al. [28] studied the influence of 0-50 vol% water content in EG
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electrolyte on the morphology change of anodic TiO,. They observed that the ribs were formed at the
side wall of aligned nanotubes at 2.5 vol% or higher water content. The reasonable formation
mechanism of ripples was illustrated according to the different mechanism [10, 27]. Based on the filed-
assisted dissolution mechanism, the formation of ribs is ascribed to the continuous etching and
passivation of the cell boundary regions (a faster chemical dissolution speed than the growth speed of
the tubes). However, Chong et al. set a series of experiments to prove that the ribs on the external tube
walls resulted from the electrolyte entering into the wider gaps among the nanotubes due to the rupture
of the entire surface layer by combining the ‘plastic flow’ model and the oxygen bubble model [21].

Figure 3. SEM images of TiO, nanotube arrays fabricated by anodization at 40V using orthogonal
experimental design. (a) S9, (b) S10, (C) S11, (d) S12

Figure 3 is the SEM images of TiO, nanotube arrays anodized at 40V. The well-defined tubular
structure is not shown under these conditions. The serous collapse and disintegrate of the top part of
TiO, nanotubes are formed in EG electrolyte with 2 wt% H,O for 4h and with 3 wt% H,O for 5h,
which are shown in Figure 3a and 3b, respectively. Though the collapse of nanotube is not occurred in
EG electrolyte with 4 wt% H,0 for 2h (Figure 3C) and with 5 wt% for 3h (Figure 3D), the cluster of
nanotubes and nanograss are viewed from the sectional view of Figure 3C and 3D (insets).
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Figure 4. SEM images of TiO, nanotube arrays fabricated by anodization at 50V using orthogonal
experimental design. (a) S13, (b) S14, (C) S15, (d) S16

Figure 4 is the SEM images of nanotube arrays anodized at 50V. The large diameter and the
long neat nanotubes are formed. This is in line with earlier report that the anodizing voltage controls
the tube diameter [29]. The tube length is adjusted by the duration time [30]. Generally, the nanotube
is single and arranges in an array. However, the honeycomb-like tubular structure is occurred in the
images of Figure 3a, c and Figure 4a, b. The wall of tube is thinned down, and it is too brittle and easy
to crack.

The mean and standard deviation (SD) of the diameter for the anodized TiO, nanotubes are
listed in Table 3. The orthogonal experimental design is to estimate the main effects and interaction
independently in an orthogonal manner with a minimum number of runs in the experiment. The range
analysis of orthogonal experimental design for the mean diameter of the anodized nanotubes is shown
in Table 4a. From the range R, it is obvious that the voltage is the primary factor to influence the
diameter size of the anodized nanotubes. The sequence of influential factors is voltage > duration time
> H,0 content. The variance analysis of orthogonal experimental design for the mean diameter is
analyzed using SPSS software, which is listed in Table 5a. The statistical significant difference is only
existed for the voltage (p < 0.05), which is consistent with the result of range analysis. Further, the
Ti0O, nanotube is anodized at different voltage. The diameter of anodized TiO, nanotubes is linear with
the anodizing voltage, which is shown in Figure 6. The correlation coefficient R is 0.99.
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Figure 5. The trend diagram of each factor on the mean (A) and SD (B) of nanotubes diameter

Figure 6. Linear correlation of the mean diameter of nanotubes with the anodizing voltage



Int. J. Electrochem. Sci., Vol. 11, 2016 719

Table 4b and 5b show the range analysis and variance analysis for the SD of the diameter for
the anodized nanotubes. The range analysis indicates that the optimal factor affecting the SD of
diameter is the voltage, and then is the duration time, and the minor factor is the water content. The
influential sequence is voltage > duration time > H,O content, which is consistent with that of the
mean diameter. This result shows that the anodizing voltage is the first and most important factor in
the process of TiO, anodization. The voltage not only is linearly correlated with the tubes diameter, but
also closely determines the uniformity of anodized nanotubes though the significance is not existed
(F=1.856, p=0.238, Table 5b). The trend diagram of each factor (Figure 5) indicates that the optimal
level of the water content and duration time is 4 wt% and 3h, respectively.

Table 3. The mean and standard deviation (SD) of diameter for anodized TiO, nanotubes using
orthogonal experimental design

H,O ) Mean SD of
Voltage Duration . .
Sample No. V) content time (h) Diameter Diameter
(Wt%) (nm) (nm)
S1 20 2 2 25.5 5.0
S2 20 3 3 27.8 4.1
S3 20 4 4 324 2.9
S4 20 5 5 26.5 4.2
S5 30 2 3 49.1 6.3
S6 30 3 2 50.4 4.9
S7 30 4 5 53.8 7.1
S8 30 5 4 61.8 7.4
S9 40 2 4 68.8 4.7
S10 40 3 5 76.1 7.0
S11 40 4 2 63.3 5.3
S12 40 5 3 75.7 6.0
S13 50 2 5 81.3 4.2
S14 50 3 4 83.5 6.4
S15 50 4 3 104.1 8.5
S16 50 5 2 81.3 5.4

Table 4a. Range analysis of orthogonal experimental design for the mean diameter of the anodized

nanotubes
Anodizing voltage H,O content Duration time
Levels
V) (Wt%0) (h)

I 28.0 56.2 55.1

II 53.8 59.5 64.2
I 71.0 63.4 61.6
I\Y 87.6 61.3 59.4

Range (R) 59.5 7.2 9.0
Optimal

>Ti >
factor Voltage > Time > H,O content
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Table 4b. Range analysis of orthogonal experimental design for the standand deviation (SD) of
diameter of the anodized nanotubes

Levels Anodizing voltage H,O content Duration time
V) (Wt%) (h)
I 4.04 5.04 5.17
II 6.44 5.58 6.22
[ 5.76 5.97 5.35
v 6.12 5.78 5.64
Range (R) 2.40 0.93 1.05
Optimal Voltage > Time > H,0 content
factor

Table 5a. Variance analysis of orthogonal experimental design for the mean diameter of the anodized
TiO, nanotubes

Source Sum of df Mean Square F Sig.
Squares
Corrected 8045.323 9 893.925 16.932 0.001
Model®
Intercept 57768.123 1 57768.123 1094180  0.000
Voltage 7755.903 3 2585.301 48.968**  (0.000
H,0O content 112.873 3 37.624 0.713 0.579
Duration Time 176.548 3 58.849 1.115 0.414
Error 316.775 6 52.796
Total 66130.220 16
Corrected 8362.098 15
Total

a: R Square=0.962 (Adjusted R Square=0.905)

Table 5b. Variance analysis of orthogonal experimental design for the standard deviation of diameter
of the anodized nanotubes

Source Sum of Squares df Mean Square F Sig.
Corrected 18.162 9 2.018 0.820 0.621
Model*
Intercept 500.305 1 50.305 203.400 0.000
Voltage 13.694 3 4.565 1.856 0.238
H,O content 1.918 3 0.639 0.260 0.852
Duration Time 2.550 3 0.850 0.346 0.794
Error 14.758 6 2.460
Total 533.226 16
Corrected 32.920 15

Total
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3.2 Hydrophilicity of TiO,-nanotubes surface

72.21° 4.04°
Ti6A4V i 20V
3.06°
6 30V

2.76° 40V

o
2.57 S0V

o
2.26 60V

Figure 7. Contact angles of Ti6Al4V foil and TiO,-nanotubes array anodized in the electrolyte
containing EG, 0.25wt% NHyF, and 4.0wt% H,O for 3h.

Figure 7 shows the contact angle of Ti6Al4V and TiO;-nanotubes film anodized in the
electrolyte containing EG, 0.25wt% NH4F, and 4 wt% H,O content at 20V, 30V, 40V, 50V, and
60Vfor 3h, respectively. The Ti6Al4V alloy shows a hydrophobic surface with a contact angle of
72.21°. After anodization, the surface with TiO,-nanotubes film becomes hydrophilic because the
contact angle decreases to be smaller than that of Ti6Al4V surface. By determining the wettability of
Ti0;-nanotubes surface anodized at 20V, 30V, 40V, 50V and 60V, the contact angle changes from
4.04° (20V) to 2.76° (40V), and then to 2.26° (60V). A study reported that the anodized TiO,-
nanoubular surfaces are transformed to hydrophilic surfaces regardless of anodization conditions [5].
This means that the anodization can change the surface wettability of the alloy and the film of TiO,
nanotubes shows the good hydrophilicity. At high voltage, the diameter of TiO, nanotubes is large, and
the contact angle is small. This indicates that the hydrophilicity of TiO,-nanotubes film is enhanced

with the increase of anodizing voltage.

4. CONCLUSIONS

Based on the method of orthogonal design of experiments (DOE), the highly-ordered TiO,
nanotube arrays was successfully fabricated in EG electrolyte containing 0.25 wt% NH4F. The
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morphology of TiO; nanotube arrays was characterized by SEM. The nanoporous layer, the nanograss,
the bundled top parts, the ripples on the wall of tubes, and the serious collapse and disintegrate of the
top part of TiO; nanotubes were observed on Ti6Al4V alloy. The long neat nanotube with honeycomb-
like structure was also formed and arranged in an array. The statistical analysis indicated that the
anodizing voltage was the primary factor in fabricating the dimension of the TiO, nanotubes. The
voltage was linearly correlated with the diameter of anodized TiO, nanotubes. The optimal level for
the water content and duration time was 4 wt% H,O and 3h, respectively. The contact angle
measurements revealed the surface wettability of Ti6Al4V alloy was hydrophilic and enhanced with
the anodizing voltage increasing.
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Abstract: With the rapid development of nanotechnology, a variety of engineered
nanoparticles (NPs) are being produced. Nanotoxicology has become a hot topic in many
fields, as researchers attempt to elucidate the potential adverse health effects of NPs. The
biological activity of NPs strongly depends on physicochemical parameters but these are
not routinely considered in toxicity screening, such as dose metrics. In this work, nanoscale
titanium dioxide (Ti02), one of the most commonly produced and widely used NPs, is put
forth as a representative. The correlation between the lung toxicity and pulmonary cell
impairment related to TiO2 NPs and its unusual structural features, including size, shape,
crystal phases, and surface coating, is reviewed in detail. The reactive oxygen species
(ROS) production in pulmonary inflammation in response to the properties of TiO2 NPs
is also briefly described. To fully understand the potential biological effects of NPs
in toxicity screening, we highly recommend that the size, crystal phase, dispersion
and agglomeration status, surface coating, and chemical composition should be most
appropriately characterized.

Keywords: TiO2 nanoparticles; nanotoxicology; physicochemical property; lung injury;
pulmonary inflammation
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1. Introduction

Owing to the rapid development of nanoscience and nanotechnology, many kinds of engineered
nanoparticles (NPs) are needed and produced. It has been reported that there are more than 2800
nanoparticulate-based applications commercially available in various areas, such as electronics,
materials, medicine and energy [1]. A new generation of materials, nanomaterials/nanoparticles are
widely used in our daily life in water treatment, clothing, food additives, implants, and disease
diagnosis, etc. Therefore, new issues are raised by researchers and scientists regarding the potential
health effects and environmental impact of NPs [2-5].

Nanoscale titanium dioxide (TiOz, diameter < 100 nm), one of the most commonly manufactured
NPs, is a noncombustible and odorless white powder that is employed as a white pigment in paints
and papers, a photocatalyst in solar cells, an optical coating in ceramics, and a corrosion-protective
coating in bone implants, etc. It naturally exists in three crystal structures: anatase (tetragonal), rutile
(tetragonal), and brookite (orthorhombic). Anatase and rutile TiO2 both have a tetragonal structure,
while the TiOs octahedron of anatase TiO: is distorted to be larger than that of the rutile phase [6].
Rutile TiO2 is stable at most temperatures, while anatase is not at an equilibrium phase and is
kinetically stabilized. At temperatures between 550 and 1000 °C, anatase transforms to the equilibrium
rutile phase. Brookite TiO2z is formed with the edge-sharing TiOs octahedron and has a larger cell
volume. This form of TiOz2 is not often used in research. TiO2 has a very low dissociation constant
in water and aqueous systems, thus, it is insoluble in water and organic solvents, as well as under
physiological conditions.

Generally, TiO2 is considered a poorly soluble, low toxicity NP [7-9]. However, Ferin et al.
observed that ultrafine TiO2 (~20 nm) accessed the pulmonary interstitium. The acute inflammatory
response was indicated in this study by polymorphonuclear (PMN) leukocytes among lavaged cells in
rat lung after acute instillation and subchronic inhalation [10]. Oesch and Landsiedel [11] reviewed the
genotoxicity of nanomaterials, including nanosized TiOz, which varied in the test systems used.
Positive and negative results were obtained in the DNA damage and gene/chromosome mutation tests.
When different sizes of the same form of TiO2 were tested in the same laboratory, smaller material
induced DNA damage and micronuclei formation while large size material did not [11].

Among the several routes of nanosized TiO2 exposure, inhalation is apparently a more general and
important route of exposure to NPs than others like injection, ingestion, and dermal penetration. A few
epidemiologic studies have surveyed the carcinogenicity of TiO2 in workers employed in TiO2
production factories by considering the pathophysiology, gender, age and exposure pathways, which
were reviewed by NIOSH in 2005 [12]. There is little clear evidence of elevated risks of lung cancer
mortality or morbidity among workers exposed to TiOz dust [13-15]. In 2006, the International
Agency for Research on Cancer (IARC) classified pigment-grade TiO2 as “possibly carcinogenic to
human beings (Group 2B)”, based on the carcinogen policy of the Occupational Safety and Health
Administration (OSHA), according to sufficient evidence of carcinogenicity in animals and inadequate
evidence for human carcinogenicity [16].

The lung is a primary target organ of NPs exposure via inhalation in the occupational setting.
The spectrum of the toxic effects of nanoscale TiO2 on pulmonary responses has raised much concern.
When searching for “nano TiO2z and pulmonary” in PubMed, there are 531 results, and of those results,
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over one-half (304 results) has been published in the last 10 years, and approximately 40% (nearly
207 papers) have been published in the last five years. An increased incidence of lung injury and
pulmonary inflammation induced by exposure to TiO2 NPs has been reported in the scientific
literature. Sub-chronic and chronic (inhalation or intratracheal instillation) studies have revealed that
TiO2 NPs are deposited in the lung and translocated to the lymph nodes [5,17-19]. The overload
of TiO2 NPs in the lung can exceed the ability of the macrophages to phagocytose and, eventually,
transfer across the epithelium and migrate to the deeper pulmonary interstitium to induce the
pulmonary inflammatory response in a dose-dependent manner. The most commonly reported
biomarkers are largely detected by analyzing the bronchoalveolar lavage fluid (BALF) propertied
and the pathology of the lung in vivo. An increased number of macrophages and neutrophils,
fibroproliferative lesions and epithelial hypertrophy and hyperplasia in lung alveoli have been
observed in exposed animals [20-26]. The clearing of particles from the alveolar region is much
slower and may take weeks to years. Rats, mice and hamsters show different lung burden and
clearance patterns for TiO2 NPs, and hamsters are better able to clear TiO2 NPs than similarly exposed
mice and rats [14,17,18]. The pulmonary toxicity and tissue injury elicited by TiO2 NPs is based on
several physical and chemical properties, which have been reported in many studies [27-30].

Dose is traditionally considered in toxicity screening. Paracelsus noted, “The right dose
differentiates a poison and a remedy.” However, the interaction of TiO2 NPs with a biological system
is closely correlated with their structural features including size, shape, crystal phase, and surface
coating. In this paper, we will concentrate systematically on the influence of physicochemical features
of TiO2 NPs on lung toxicity and pulmonary cell impairment. Although many related studies have
been published recently, only selected representative works are cited here. The aim is to understand the
correlation of the physicochemical properties of TiO2 NPs with their potential hazardous effects on
lung tissue and to help improve their application performance.

2. Structural Features of TiO2 Nanoparticles
2.1. Size

Size is a key factor for nanoparticles. Based on an agreement on the size of nanoparticles among
the groups of standards (International Organization for Standardization (ISO), American Society for
Testing and Materials (ASTM), and Scientific Committee on Emerging and Newly Identified Health
Risks (SCENIHR)), the scale from 1 to 100 nm defines the size range of a nanoparticle [31]. The
properties of particles change as the size approaches nanoscale. The percentage of atoms becomes
significant at the surface of NPs, and there are many active sites on the particle surface. Therefore,
many researchers in “nanotoxicology” aim to elucidate the interaction of nanoparticles with biological
systems and the mechanism(s) by which they act. For an overview, the lung toxicological effect in
animal models and cytotoxicity of TiO2 NPs with different structural features were listed in Tables 1
and 2. In 1992, Ferin et al. [10] first reported that the ultrafine TiO2 particles (~20 nm) were
translocated to the lung interstitium to a greater extent and cleared from the lungs more slowly than
fine TiO2 particles (~250 nm) in Fischer 344 rats after the intratracheal instillation of 500 pg of TiOz.
Based on a predictive mathematical model (ICRP 1994) [32], Obserdorster et al. [5] figured out the
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fractional deposition of inhaled particles in different regions of the human respiratory tract, including
three regions—the extrathoracic (mouth or nose and throat), the trachea-bronchial and the alveolar
regions. NPs mainly deposit in the alveolar region, with approximately 50% of the 20-nm particles
depositing efficiently in the alveolar region and only ~15% of this particle size depositing in
tracheobronchial and nasopharyngeal regions. This model also supports another report that TiO:
particles (~20 nm) highly accessed the lung interstitium of the rat more than fine TiO2 particles (less
than 200 nm) at an equal mass dose [20], resulting in the influx of PMNs into the alveolar space and
a large acute pulmonary inflammatory reaction in BALF.

Alveolar macrophages (AM), as phagocytic cells, reside on the alveolar epithelium and clear solid
particles through phagocytosis. The macrophage ability of AM has been compared in commercial
ultrafine and fine TiOz2 particles both in vitro and in vivo. Renwick et al. [33] reported that the ultrafine
TiO2 (29 nm mean diameter, 50 m?/g surface area) significantly reduced the ability of J774.2 mouse
AM to phagocytose 2 um indicator latex beads more than the fine TiO2 (250 nm mean diameter,
6.6 m?/g surface area). Oberdorster et al. [34] compared the AM-mediated clearance of the same mass of
ultrafine TiO2 (20 nm) and fine TiOz (250 nm) in the rat. They reported that a volumetric loading of 9%
with fine TiO2 caused a retention half-time of 117 days, whereas a volumetric loading of 2.6% with
ultrafine TiO2 caused a prolongation of the clearance half-time (541 days). Gibbs-Flournoy et al. [35]
also detected that 27-nm TiO2 was internalized into human bronchial epithelial (BEAS-2B) cells and
proximity to cellular nuclei with time using darkfield and confocal laser scanning microscopy
(DF-CLSM). For any given mass of particles, as particle size decreases, the total particle surface area
increases dramatically [5]. The larger particle the surface area is, the greater the toxicity that the
ultrafine particles will develop [20]. For the 29 and 250 nm TiOz2, the specific surface area is 50 and
6.6 m?/g, respectively. After receiving 0.1 mg of nanoscale TiOz (rutile, 21-nm average particle size;
specific surface area of 50 m?/g), the lungs of ICR mice showed significant changes in morphology
and histology, including the disruption of alveolar septa and alveolar enlargement (indicating
emphysema), type Il pneumocyte proliferation, increased alveolar epithelial thickness, and an
accumulation of particle-laden AM [36]. On the contrary, after instillation with 1 mg fine TiO2
(250 nm mean diameter, specific surface area of 6.6 m?/g), the mice showed no inflammatory cells or
expression of inflammatory cytokines in the lung tissue at 4, 24, or 72 h [37]. Rats treated with
ultrafine TiO2 (29 nm), but not fine TiO2 (250 nm), by instillation had an increased percentage of
neutrophils, y-glutamyl transpeptidase concentration (a measure of cell damage), protein concentration
(a measure of epithelium permeability), and lactate dehydrogenase (LDH) in BALF [33]. The
genotoxicology of nanosized TiO2 particles on human bronchial epithelial cells was investigated in a
size-dependent manner. Nanosized TiO: particles (10 and 20 nm) induced the oxidative DNA damage
by the strand breaks and base damage in the absence of light, but larger sized TiO2 (>200 nm) did not
induce any DNA damaging events [38].
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At the nano level, TiO2 NPs at a given size can agglomerate in different sizes and structures.
Influence of the agglomeration of TiO2 NPs on pulmonary toxicity has been investigated by
Noél et al. [64-66]. One study reported that rats exposed to small agglomerates (<100 nm) of 5 nm
TiO2 by inhalation showed greater cytotoxic and oxidative stress responses than rats exposed to larger
agglomerates (>100 nm) of the same NPs, which only induced a slight inflammatory reaction [64].
In a follow-up study, the authors compared the agglomeration state with different primary sizes of
TiO2 NPs (5, 10-30 and 50 nm) [66]. The results showed that for an agglomeration state smaller than
100 nm, the 5-nm particles caused a significant increase of LDH activity (cytotoxic effects) compared
to controls, while oxidative damage measured by 8-isoprostane concentration was less when compared
to 10-, 30- and 50-nm particles. This indicates that the initial particle size and agglomeration state
of TiO2 NPs are important factors for the lung inflammatory reaction and cytotoxic and oxidative
stress responses.

2.2. Shape

TiO2 NPs or nanospheres are generally considered to have cytotoxicity effects, which have been
thoroughly assessed and published. Jugan et al. [51,52] reported that spherical TiO2 NPs (12-140 nm;
both anatase and rutile) induced single strand breaks, oxidative lesions to DNA and oxidative stress in
A549 cells (human lung carcinoma epithelial cell line). They also showed that TiO2 NPs impair the
cells ability to repair DNA by deactivating both the nucleotide excision repair (NER) and the base
excision repair (BER) pathways.

Other than zero-dimensional TiO2 NPs (nanospheres), one-dimensional TiO2 nanostructures are the
most synthesized and widely used including nanorods, nanobelts, and nanotubes, etc. The shape of
TiO2 NPs has an effect on their deposition in the lung. The exposure of mice to various shapes of
anatase TiO2 (nanospheres, short belts of 1-5 um, and long nanobelts of 4-12 um) resulted in the lung
deposition of 135 pg for the animals exposed to both nanospheres and long nanobelts. At 112 day
after exposure, the lung burden was significantly lower in nanosphere-exposed mice than in
nanobelt-exposed mice [39]. Several works report the interaction of NP shape with lung tissue or
pulmonary cells. In a study of rutile TiO2 nanorods, inflammation responses were examined in BALF
(significantly increased neutrophilic inflammation) and whole blood (significantly reduced platelets
and elevated numbers of monocytes and granulocytes) in Wistar rats 24 h after intratracheal instillation
at doses of 1 or 5 mg/kg [40]. Warheit et al. [41] showed that instilled nanoscale TiO2 rods
(anatase = 200 nm x 35 nm) and nanoscale TiO2 dots (anatase = similar to 10 nm) produced transient
lung inflammation and cell injury in rats at 24 h post-exposure, which is similar to the pulmonary
effects of rutile TiO2 NPs (300 nm). The cytotoxic effect of TiO2-based nanofilaments on H596 human
lung tumor cells have been evaluated [53]. The addition of TiO2-based nanofilaments (2 pg/mL)
impaired cell proliferation and cell death in a dose-dependent manner. The short (<5 um) needle-like
structures were taken up by H596 cells and clustered around the cell nucleus. Hamilton et al. [54]
synthesized the short (<5 um) and long (>15 um) TiO2 nanobelts and tested their biological activity
using primary murine alveolar macrophages and mice. The 15-um nanobelts were highly toxic,
involving the loss of lysosomal integrity and the release of cathepsin B. These fiber-shaped
nanomaterials induced the inflammasome activation and the release of inflammatory cytokines in a
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manner very similar to asbestos or silica. At the lowest-observed-effect level (LOEL), only the anatase
TiO2 nanobelt displayed significant inflammation in the BALF of Sprague Dawley (SD) rats 1 day
after intratracheal instillation compared with anatase/rutile P25 spheres (TiO2-P25) and pure anatase
spheres [42]. The various morphological classes of TiO2 nanostructures, including zero-, one-,
and three-dimensional (0-D, 1-D, and 3-D) anatase assemblies, have been evaluated [55]. At
a concentration of 125 ug/mL, 0-D anatase NPs decreased cell viability to a level of 80%, and the cell
viability of 1-D and 3-D structures remained close to 100%. The cellular uptake experiment showed
that 1-D nanorods and 0-D TiO2 NPs could be readily internalized into the cells after 24 h incubation.
The spherical particles were taken up more than the rod-shaped particles of similar size. The more
sterically unwieldy, highest surface area 3-D aggregates of TiO2 were less likely to be incorporated
into cells. The National Institute of Environmental Health Science (NIEHS) Nano GO Consortium
conducted a series of coordinated inter-laboratory research with different shapes of TiO2 both in vitro
and in vivo. The results showed that only the TiO2 nanobelt form was toxic; it induced significant
IL-18 production in THP-1 (human monocyte/macrophage cell line) cells, and caused significant
neutrophilia in mice and rats at 1 day after intratracheal instillation in two or three of four labs.
However, no significant toxicity effect was observed in vitro for TiOz spheres in any of the
labs [43,56].

2.3. Crystal Phase

Anatase and rutile have different crystal lattices. Rutile is considered as an inert form, whereas
anatase is an active form of TiOz with a high refractive index and low scattering and strong absorption
of ultraviolet (UV) radiation. Based on crystal structure as the mediating property, nanotoxicity studies
examining the effects of TiO2 have shown the induction of inflammatory responses, cytotoxicity and
reactive oxygen species (ROS) formation. Ferin et al. [67] exposed rats to an aerosol of either anatase
or rutile by intratracheal instillation in doses of 0.5 or 5.0 mg/rat and determined the TiO2 retention in
the lung up to 132 days post-exposure. They found that both anatase and rutile TiO2 yielded similar
results in lung response such as AM, peroxidase positive AM, and PMN leukocytes. Although both
anatase and rutile TiO2 NPs could be taken up into cells, located in the cytoplasm, and isolated in
vacuoles, the cytotoxicity of NPs depends, to some extent, on crystalline structure. Anatase TiO2 NPs
are found to produce greater cell responses and to be more toxic than rutile TiO2 by MTT and XTT
assay [57]. Using the A549 and HDF cell lines, Sayes et al. demonstrated that catalytically active
anatase was 2 orders of magnitude more cytotoxic (LCso of 3.6 pg/mL) than its similarly sized rutile
counterpart (LCso of 550 pug/mL) by determining cell viability and LDH release [58]. The profile and
pattern of inflammatory mediator release and temporal induction of oxidative stress were determined
using TiO2 NPs synthesized specifically for toxicological study and a highly relevant human lung cell
model, The authors showed that it was a useful approach to delineating the physiochemical properties
of nanomaterials in cellular reactivity [63].

The genotoxicity of nanosized anatase (<25 nm), nanosized rutile with SiO2 coating, and fine rutile
(<5 um) in human BEAS-2B cells was assessed by Falck et al. [59]. Nanosized anatase and fine rutile
induced DNA damage at the doses of 1 and 10 pg/cm?, while SiO2-coated rutile induced DNA damage
only at 100 pg/cm?. Only nanosized anatase could elevate the frequency of micronucleated BEAS-2B
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cells. Another study showed a similar result. The anatase nano-TiO2 caused a stronger induction
of DNA damage than rutile in Chinese hamster lung fibroblast (V79) cells as determined by comet
assay [60].

In addition, there are several papers about the cytotoxicity of rutile and anatase TiO2 NPs in other
cell lines. Braydich-Stolle et al. [61] reported that anatase TiO2 NPs, regardless of size, could induce
cell necrosis, whereas rutile TiO2 NPs could initiate apoptosis through the formation of ROS. The
correlation between crystal phase and oxidant capacity was established using TiO2 NPs of 11 different
crystal phase combinations at similar sizes [68]. The ability of anatase TiO2 NPs to generate ROS was
higher than anatase/rutile mixtures and rutile samples.

2.4. Surface Coating

In commercial applications of TiOz2, surface coating with inorganic or organic substances is often
used to facilitate dispersion, solubility, UV protection, wearing and plastics. The toxicity of coated
TiOz2 has been evaluated by many researchers, and it is well known that nanomaterial interactions with
biology are dictated by the chemical functionalities on the surface in addition to their shape and size.
Hydrophobic ultrafine TiO2 coated with a silane compound was initially reported to be highly toxic
and lethal when administrated to rats by intratracheal injection [69]. Since then, the surface coating of
TiO2 with aluminum oxide and/or silica has been shown to produce higher pulmonary inflammation
(PMNs in BALF) than the uncoated TiO2 at 24 h in SD rats administered a large dose of 10 mg/kg [44],
but this effect was only a short-term, transient lung inflammatory response and was reversible at
one week post-exposure. A similar result was observed with TiO2 particles having a silane coating
(hydrophobic) compared to uncoated TiO2 (hydrophilic). Rossi et al. [45] showed that only
SiO2-coated rutile commercial TiO2 NPs elicited clear-cut pulmonary neutrophilia, increased
expression of tumor necrosis factor (TNF)-o and neutrophil-attracting chemokines both in vivo
(BALB/c mice, by inhalation at 10 mg/mq) and in vitro (RAW264.7 and human pulmonary fibroblasts
MRC-9 cells). They concluded that the level of lung inflammation could not be explained by the
surface area of the particles, their primary or agglomerate particle size, or free radical formation
capacity but rather by the surface coating. Oberdorster et al. reported, however, that 500 pg
hydrophobic and silanized ultrafine TiO2 did not show toxicity, but a much lower pulmonary
inflammation was induced in comparison to the hydrophilic uncoated TiO2 in rat lung [46]. The
incorporation of TiO2 NPs in aged paint matrix blocked most of the particle-induced lung and
systemic blood toxicity in BALB/c mice [47]. The rutile TiO2 NPs coated with alumina (uf-1) and
silica/alumina (uf-2) produced transient lung inflammation in rats exposed by intratracheal instillation
at doses of 1 or 5 mg/kg, and uncoated anatase/rutile TiO2 (uf-3) induced cytotoxicity and aggregated
macrophages in the alveolar regions of the lung. This occurred because uf-3 particles showed more
chemical reactivity than both uf-1 and uf-2 particles [48]. At low doses, surface-coated rutile TiO2
deposited in the mice lung may potentially perturb several gene expression associated with ion
homeostasis and muscle function in the absence of inflammation [27].

The cytotoxicity and genotoxicity of coated and uncoated TiO2 particles were recently reported
using Chinese hamster lung fibroblast (V79) cells [60]. The authors found that both coated and
uncoated TiOz (anatase and rutile) decreased the cell viability in a mass- and size-dependent manner,
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although the TiO2 NPs coated with polyacrylate were only cytotoxic at high concentration (100 mg/L),
and only uncoated nano-TiOz induced DNA damage. Rehn et al. [49] determined that there was no
inflammation or persistent DNA damage in the lung of rats exposed to two types of commercial TiO2
(untreated with hydrophilic surface and silanized with a hydrophobic surface) at low doses (a single
dose of 0.15, 0.3, 0.6 and 1.2 mg) by instillation. Methylated TiO2 particles induced a lesser
inflammatory response (influx of neutrophils and total cell number) in rats after intratracheal
instillation in comparison to the untreated TiO2, and the impact of surface methylation on TiO2
toxicity was negligible [50]. However, the question remains: what is the underlying mechanism?
Thevenot et al. tested the cytotoxicity effect of functionalized TiO2 NPs with various surface groups
(-OH, —NH2, and —COOH) and reported that the decreased viability of TiO2 NPs on lung epithelial
cells was associated with TiO2 particles-induced protein aggregation/denaturation and subsequent
impaired cell membrane function [62]. Thus, it can be seen that surface treatment can influence the
toxicity of TiO2 particles in the lung, and the pulmonary toxicity and cytotoxicity of coated TiO2 NPs
might be related to surface chemical activity because of different surface coatings [62].

2.5. ROS Mechanism in Lung Toxicity of TiO2 NPs

Inhaled TiO2 NPs show considerably stronger pulmonary inflammatory effects and the mechanism
that has been suggested to be involved included ROS production as a hallmark in TiO2 NP
toxicity [2,5,70,71], especially under exposure to light or UV. Sayes et al. [58] detected that
photoactivated TiO2 produced greater ROS and resulted in cytotoxicity. This effect is better described
by the crystal structure and the specific surface area than mass dose.

Anatase TiO2 NPs are capable of reacting with a wide range of organic and biological molecules
and are more prone to generate ROS than the rutile form. At the cellular level, ROS may be generated
directly by particle structures in or near the cell or may arise more indirectly due to the effects of
internalized particles on mitochondrial respiration or the depletion of antioxidant species within the
cell. In an in vitro cell assay, Bhattacharya et al. [72] reported that anatase TiO2 particles with
diameters <100 nm were able to generate elevated amounts of free radicals and induced DNA-adduct
formation (8-OHdG) but not DNA-breakage after uptake by human lung fibroblasts (IMR-90)
and BEAS-2B. The anatase TiO2 NPs (50, 100, 200 and 300 pg/mL) induced dose-dependent
mitochondrial injury and ATP synthesis prevention in A549 cells owing to the over-generation of
ROS [73]. The radical generation driven by the surface area of TiO2 NPs in A549 cells was
investigated by Singh et al. [74]. They observed that the commercial TiO2 NPs elicited significant
increased ROS generation during cell treatment and indicated that the higher specific surface area of
particles caused oxidative stress in A549 cells rather than hydrophobicity [74]. In a rapid cell-free
pre-screening assay, Jiang et al. [68] investigated the role of crystal structure and surface area on
particle ROS generation and established that size, surface area, and crystal structure all contribute to
ROS generation. ROS generation was associated with the number of defect sites per surface area, and
an S-shaped curve was observed as a function of particle size. The ability of TiO2 NPs to generate
ROS was amorphous > anatase > anatase/rutile mixtures > rutile.

ROS are also produced by lung AM and inflammatory cells during overloading and immunological
responses of the lung to inhaled TiO2 NPs. When antioxidant defenses are overwhelmed, oxidative
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stress can occur and is considered an underlying mechanism of the proliferative and genotoxic
responses to inhaled TiO2 NPs. Sun et al. [75] investigated that TiO2 NPs significantly accumulated
and increased ROS production (elevated Oz, H202) in mouse lung by intratracheal administration with
increasing exposure term. The exposure of human and rodents AM to TiO2 NPs caused extracellular
ROS generation, resulted in increased TNF-a release, heme oxygenase (HO)-1 mRNA and inducible
nitric oxide synthase (iNOS) mRNA expression, and induced an increase in the expression of nuclear
factor erythroid 2 related factor 2 (Nrf 2) to adapt intracellular responses to TiO2-induced oxidative
stress [45,76-78]. Xia et al. [77] concluded that the surface properties of NPs and their interactions
with cellular components were capable of generating oxidative stress.

3. Conclusions

Nanoparticles generate great benefits, as well as some potential risks, to human health. Owing to
the small size, coupled with the unique physical and chemical properties of NPs, nanotoxicology is
put forward by some pioneer scientists to specifically address the problems likely to be caused by
nanoparticles/nanomaterials in terms of their potential adverse health effects. In bulk, TiO2z is
considered to be low toxicity and is widely used in many fields. However, at nanoscale, TiO2 can
deposit in the alveolar region and access the lung interstitium after inhalation exposure, eliciting a
pulmonary inflammatory response and lung injury.

In this paper, an overview of the lung injury and cytotoxicity of TiO2 NPs correlated with the
physicochemical properties, including size, shape, crystal structure and surface coating is presented.
Mass dose is traditionally viewed as the key factor in toxicity studies. However, the biological activity
of NPs strongly depends on physicochemical parameters but not on routinely considered in toxicity
screening. The unique characteristics of NPs are predominantly associated with their nanoscale
structure, size, shape and structure-dependent electronic configurations and an extremely large
surface-to-volume ratio relative to bulk materials. The nano size with a high aspect ratio (nanorod,
nanobelt, nanofilament) determines the high reactivity of NPs, which enables the insoluble TiO2 NPs
to agglomerate and affect cellular uptake and lung injury. Because of the different crystal lattices,
anatase TiO2 induces greater ROS production and cell responses and is more toxic than rutile due to
the active sites on its surface. The coating of TiO2 with silica and alumina can reduce the pulmonary
inflammatory response and cytotoxicity to a certain extent. Lastly, the correlation of ROS production in
pulmonary toxicity with properties of TiO2 NPs was briefly described.

Nanotoxicology and the biological effects of NPs have become hot topics in many fields. When
evaluating the potential biological effects of NPs and elucidating their mechanisms for toxicity
screening, the size, crystal phase, dispersion and agglomeration status, coating, and chemical
composition should be most appropriately characterized.
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Nanoscale materials (such as TiO,, hydroxyapatite nanoparticles) have gained much concern in the
coating of implants for cell adhesion and growth to improve the osteoconductivity. However, due to
attrition and corrosion, the wear particles would be generated from the joint in living organism, and
influence the physiological function of synovial membranes in joint cavity. In this study, the poten-
tial cytotoxicity of anatase TiO, nanoparticles (TiO, NPs) on rat synovial cell line 364 (RSC-364)
was investigated. After treatment with different concentrations of TiO, NPs (0, 3, 30, 300 ug/ml),
the viability of RSC-364 cells were decreased in a dose-dependent manner. TiO, NPs exposure
could disrupt the integrity of cell plasma membrane, leading to the increased leakage of lactate
dehydrogenase (LDH) into the culture medium. TiO, NPs were uptaken by RSC-364 cells. The
ultrastructure of RSC-364 cells was changed such as nuclear shrinkage and mitochondrial swelling.
The reactive oxygen species (ROS) was over-produced especially in the cells exposed to 30 and
300 pg/ml TiO, NPs. The activities of endogeneous antioxidant enzymes, superoxide dismutase
(SOD) and catalase (CAT), were significantly decreased. The increased lipid peroxidation product
(malondialdehyde, MDA) suggests the oxidative damage in cells. The flow cytometry detected that
the cell cycle was blocked in GO/G1 phase, inhibiting the cell proliferation. These preliminary results
indicate the oxidative stress injury and cytotoxicity of anatase TiO, NPs on rat synovial cells. The
reasonable and safe application of nanomaterials in artificial implants needs further study.

Keywords: TiO, Nanoparticles, Rat Synovial Cells, Reactive Oxygen Species, Oxidative
Damage, Cytotoxicity.

1. INTRODUCTION own the characteristic of TiO, including excellent pho-
tocatalytic activity, corrosion resistance and thermal sta-
bility. Nowadays, TiO, NPs have been widely used in
fields from cosmetics to food packaging, and to biomedical
materials. Nanophase coatings (such as TiO,, hydroxyap-
atite nanoparticles) on the surface of commercial implants
have excellent bioactivity, osteoconductivity and compres-
sive strengths.>® Thus some researchers tend to coat the
nanoparticles, such as TiO, NPs, Al,O; NPs and ZnO
NPs, on the surface of orthopedic implants to improve the

Based on the American Society for Testing and Materials
(ASTM) standard definition, nanoparticles are particles
with lengths that range from 1 to 100 nanometers in
two or three dimensions.! Due to the special properties
of nanometric surface topography, high specific surface
area, roughness and chemical composition, various nano-
materials are developed for many kinds of applications in
industrial, electrical, agricultural, pharmaceutical and med-
ical fields, especially in biomedical products and ortho-

pedic implants.>3 It is reported that over 500 consumer
products currently on the market contain the elements
of nanoscience and nanotechnology.* Titanium dioxide
nanoparticles (TiO, NPs) not only are compatible with
the special property of nanomaterials, such as small size,
large specific surface area, high surface energy, but also

*Author to whom correspondence should be addressed.
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osteoconductivity.®>!' In general, TiO, is in the amor-
phous phase or in three crystal phases (rutile, anatase,
brookite). These phases of TiO, can be found on an
implant surface with very different ratios.® He et al. report-
ed that the anatase phase of titania with nanometric topog-
raphy had a better biocompatibility than other crystal
phases for osteoblast adhesion, spreading, proliferation and
differentiation.!!

1533-4880/2013/13/3874/006 doi:10.1166/jnn.2013.7145
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However, at the bone-implant interface or joint space,
nanosized wear particles would be generated from the
nanophase implants due to the corrosion, fretting, fric-
tion and mechanical loss of prostheses.!>"'* Because of the
unique physiochemical properties of nanomaterials, it is so
difficult for the immune cell to clean these nanoparticles
up completely that they might get into joint periprosthetic
tissues (such as synovial membrane)," or transfer to other
tissues/organs through blood vessel and lymphatic.'®!7
In our pilot study, Wang et al. simulated this condition by
intra-articular injection of TiO, NPs and demonstrated that
the intra-articular injected anatase TiO, NPs had a poten-
tial toxicological effect on major organs and knee joints of
rats.!” The intra-articular injected TiO, NPs stimulated the
inflammatory response and oxidative damage of synovium,
and resulted in the synovium hypotrophy. Therefore, in this
study, the aim is to evaluate the cytotoxicity of TiO, NPs.
In order to determine the cytotoxicity on joint peripros-
thetic cells, the rat synovial cell line RSC-364 is selected.
Cell viability, cellular uptake of TiO, NPs, level of reactive
oxygen species (ROS) and intracellular oxidative response,
and the cell cycle distribution are investigated.

2. EXPERIMENTAL DETAILS
2.1. Materials

The commercially pure anatase TiO, nanoparticles (Wan
Jing New Material Co., Ltd., purity >99.8%) without
any coating were used in this study. The properties such
as shape, size, surface area, and structure state of TiO,
were well characterized previously.!” In brief, TiO, NPs
are red blood cells-like wafers with the average diameter
of 45.87£7.75 nm, the thickness of 10-15 nm, and the
average pore size of 7.50 &2.58 nm. The specific surface
area is 105.03 m?/g with the cumulative pore volume of
0.42 cm®/g. TiO, NPs are aggregated in physiological
solution, and the aggregated diameter of TiO, NPs is from
183.7 to 282.0 nm and from 575.6 to 1018.9 nm. High-
sugar Dulbecco’s modified Eagle’s medium (DMEM)
were purchased from GIBCO Invitrogen (USA). Fetal
bovine serum (FBS) was purchased from MDgenics
(New Zealand). Penicillin G and Streptomycin were pur-
chased from INALCO (USA). Trypsin was purchased from
AMRESCO (USA). Lactate dehydrogenase (LDH) assay
kit was obtained from Nanjing Jiancheng Bioengineering
Institute (Jiangsu, China). Cell counting kit-8 (CCK-8),
2,7-dichlorodihydrofluorescein  diacetate  (DCFH-DA)
assay kit, 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). Propidium iodide (PI)
was obtained from Peking University Health Science Cen-
ter. Phenylmethanesulfonyl fluoride (PMSF) was provided
by Roche Co. Ltd.

J. Nanosci. Nanotechnol. 13, 3874-3879, 2013

2.2. Cell Culture and Nanoparticle
Suspensions Preparation

Rat synovial cell line (RSC-364) was obtained from
the Orthopaedics Insititute of the 301 Hospital (Beijing,
China). The cells were cultured in DMEM with 10% FBS,
100 U/mL penicillin, and 100 pwg/ml streptomycin at 37 °C
in a 5% CO, humidified environment. For the CCK-8
assay, the cells were seeded in 96-well plates at a density
of 4.0 x 103 cells per well in 200 ul culture medium. For
the other analyses, the cells were seeded in 6-well plates
at a density of 8.0 x 10° cells per well in 2 ml of culture
medium. All cells were exposed to TiO, NPs suspensions
after 70% confluence.

TiO, NPs were freshly dispersed in the cell culture
medium and diluted to appropriate concentrations (3, 30,
and 300 wg/ml). To avoid aggregation, the suspensions
were ultrasonicated for 30 min in sealed sterile tubes.
Before being added to the cell culture, 10% FBS was
added in the suspensions. RSC-364 cells were cultured
in media containing different concentrations of TiO, NPs.
Culture media without TiO, NPs served as the control in
each experiment.

2.3. CCK-8 Assay

This assay assumes that the relative number of living cells
is linear with the metabolic activity indicated by mito-
chondrial dehydrogenases reduction of WST-8 to produce
a water-soluble formazan product.’® RSC-364 cells were
exposed to 0, 3, 30 and 300 wg/ml TiO, NPs for 6 h or
12 h. Then, cells were washed with PBS for 2 times, and
incubated with 100 w1l DMEM medium and 10 ul CCK-8
at 37 °C for 2 h. The intensity was measured using a
microplate reader for enzyme-linked immunosorbent assay
with an absorption wavelength of 450 nm. Cell viabil-
ity was expressed as the percentage of viable cells rela-
tive to control. All experiments were performed at least in
triplicate.

2.4. LDH Leakage

LDH is an enzyme widely present in cytosol. When plasma
membrane integrity is disrupted, LDH leaks into culture
media and its extracellular level is elevated. To assess the
possible impairment of RSC-364 cell membranes caused
by TiO, NPs, LDH activity in the culture medium was
assessed using an LDH assay kit, which is based on mea-
suring the enzyme-coupled reduction of NAD" at 340 nm.
Briefly, RSC-364 cells were incubated with serum-free
DMEM containing 0, 3, 30 and 300 wg/ml TiO, NPs
for 12 h. The medium was then collected and cen-
trifuged at 10,000 g in 4 °C for 10 min. The supernatant
was analyzed for LDH activity as recommended by the
manufacture.
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2.5. Determination of ROS Production

The production of ROS was determined using the fluo-
rescence probe DCFH-DA. After treating with the above
mentioned TiO, NPs suspensions for 12 h, RSC-364
cells were incubated with 10 uM DCFH-DA in the
dark for 30 min at 37 °C. After treatment, cells were
collected by trypsinization, centrifuged at 1,000 rpm
for 5 min and washed three times with physiological
buffered saline solution (PBS). The oxidation of DCFH
by ROS yields a highly fluorescent compound, 2',7'-
dichlorofluorescein (DCF), which can be analyzed by flow
cytometry (BD FACS Calibur). The mean of DCF fluo-
rescence intensity was obtained from 20,000 cells in each
experimental group using 488 nm excitation and 530 nm
emission settings.

2.6. Biochemical Parameters Assays

After exposure to TiO, NPs suspensions for 12 h,
RSC-364 cells were washed with PBS for 2 times, lysed
by cell lysis buffer. The homogenization was centrifuged
at 14,000 g for 10 min in 4 °C (Universal 32R, Hettich
zentrifugen, Germany), collecting the supernatant to ana-
lyze some oxidative biomarkers including the activity of
SOD, CAT, and lipid peroxidation. CAT activity was deter-
mined by measuring the red product N-(4-antipyryl)-3-
chloro-5-sulfonate- p-benzoquinonemonoimine according
to the decomposition of hydrogen peroxide by cata-
lase in an exact time (Beyotime Institute of Biotech-
nology, Jiangsu, China). SOD activity was assayed
according to WST-1 (2-(4-Iodophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt)
method (Beyotime Institute of Biotechnology, Jiangsu,
China). Superoxide anion-free radicals produced by xan-
thine/xanthine oxidase system can oxidize WST-1 into the
soluble formazan. Superoxide dismutase has the ability to
specifically inhibit free radicals of superoxide anions and
control the amount of formazan. The lipid peroxidation
product was measured using the thiobarbituric acid (TBA)
assay for MDA content. The protein concentration was
determined according to the BCA method.

2.7. Cell Cycle Assays

RSC-364 cells treated with or without TiO, NPs were
washed with PBS and trypsinized from each experimental
group. Cells were fixed using a solution containing 75%
ethanol in PBS at 4 °C overnight. Then, the cells were
centrifuged at 1,000 rpm for 5 min to remove the fixation
solution. The cell pellets were collected and incubated with
PBS containing 20 pg/ml RNase (DNA staining solution)
at 37 °C for 30 min. After centrifugation, the cells were
stained with PI for 1-2 min in the dark and 20,000 cells
per group were analyzed by flow cytometry (BD FACS
Calibur).
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2.8. Transmission Electron Microscopy (TEM)

For TEM study, RSC-364 cells treated with or without
TiO, NPs were collected by cell scraper, immediately
immersed in 2.5% glutaraldehyde at 4 °C overnight. After
washing with PBS sufficiently, samples were fixed with
1% osmium tetroxide, dehydrated in a graded series of
ethanol, and embedded in araldite, polymerized for 24 h
at 37 °C. The ultra thin sections (60 nm) were cut, stained
with uranyl acetate and lead citrate, and then observed with
TEM (HITACHI H-600, Japan) at 50 kV.

2.9. Statistical Analysis

All data are reported as the mean =+ standard devia-
tion (SD) and analyzed using the SPSS 13.0 (SPSS Inc.,
Chicago, IL, USA). Statistical analysis was performed for
the experimental data using one-way analysis of variance
(ANOVA). Results with p < 0.05 are considered to be sta-
tistically significant.

3. RESULTS AND DISCUSSION
3.1. Cytotoxicity of TiO, Nanoparticles on RSC-364

Owing to the special property of nanoparticles, the cyto-
toxic effect of TiO, NPs on various mammalian cell lines
was evidenced and summarized.'*?" In this study, to inves-
tigate the influence of TiO, NPs on RSC-364 cells via-
bility, firstly, different concentration of TiO, NPs (0, 3,
30, and 300 wg/ml) was selected to treat RSC-364 cells
for 6 h or 12 h. CCK-8 assay was used to characterize
the cells viability. As shown in Figure 1, after exposure to
TiO, NPs, the viability of RSC-364 cells was decreased,
especially the cells exposed to 30 wg/ml and 300 uwg/ml
TiO, NPs. Compared with the control, the viability of
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Fig. 1. Cell proliferation of RSC-364 cells after exposure to TiO, NPs
for 6 h or 12 h. Significance indicated by: *p < 0.05 versus the control;
*p < 0.05 versus the 3 pug/ml group.
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cells in the 30 uwg/ml and 300 ug/ml groups decreased
by 21.17% and 30.43% after 6 h exposure, respectively.
For 12 h exposure, the decrease was up to 33.66% and
44.33%, respectively, which was statistically significant
from the control and the 3 wg/ml groups. This indicated
that TiO, NPs inhibited RSC-364 cells proliferation in a
dose-dependent relationship. The significant decrease of
cells viability occurred at 12 h exposure. Therefore, the
cytotoxicity of TiO, NPs on RSC-364 was analyzed at
12 h exposure.

LDH is a soluble cytosolic enzyme present in most
eukaryotic cells, where its main function is to catalyze the
oxidation of L-lactate to pyruvate. When the cell is injured,
the permeability of cell membrane increases, which results
in LDH releasing into cell culture medium.?> By deter-
mining LDH activity in culture medium, the cell injury
induced by TiO, NPs could be estimated (Fig. 2). In RSC-
364 cells culture medium, LDH activity increased with
TiO, NPs concentration. It was notable that LDH activ-
ity in the 30 and 300 wg/ml groups was significantly
higher (p < 0.05) than that in the control. Compared with
the control, the increase level of 213% and 253% was
detected for LDH activity in the 30 wg/ml and 300 wg/ml
groups, respectively. In addition, there was a statistically
significant difference between the 3 ug/ml and 300 ug/ml
groups, where the LDH activity in the 300 wg/ml group
showed 1.11 times higher than that in the 3 pg/ml group.
These results demonstrated that RSC-364 cells plasma
were damaged severely by TiO, NPs, especially at the
highest concentration.

3.2. Oxidative Stress

The generation of ROS following 12 h exposure to TiO,
NPs at the concentration of 0, 3, 30 and 300 wg/ml is
shown in Figure 3. We observed that ROS level was low
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Fig. 2. LDH activity in RSC-364 cells culture medium after exposure

to TiO, NPs. Significance indicated by: *p < 0.05 versus the control;
*p < 0.05 versus the 3 ug/ml group.
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Fig. 3. Level of ROS in RSC-364 cells after incubating with TiO, NPs.
Significance indicated by: *p < 0.05 versus the control.

in normal cells. With the TiO, NPs concentration increase,
the level of ROS increased in a concentration-dependent
manner. In the 30 and 300 wg/ml groups, ROS levels were
significant higher than the control (p < 0.05). As RSC-364
cells exposure to 300 wg/ml TiO, NPs, ROS level was
upregulated by 1.41 times higher than the control. This
result demonstrated the overproduction of ROS, which was
consistent with the reported data.?

Further, the activities of SOD, CAT, and MDA con-
tent were determined to evaluate the level of oxidative
stress response in RSC-364 cells after exposure to TiO,
NPs. SOD and CAT are important endogenous antioxida-
tive enzymes for their reducing H,O, and superoxide anion
radicals, protecting polyunsaturated fatty acid (PUFA)
from lipid peroxidation, and further preserving the intact
structure of cell membrane. As shown in Figure 4, SOD
activity in RSC-364 cells exposed to 30 and 300 wg/ml
TiO, NPs was significantly lower (p < 0.05) than that
in the control. CAT activity was also decreased in every
exposed group. In the 300 wg/ml group, CAT activity
was significantly different from that in the control and
the 3 ug/ml groups (Fig. 5). This meant the endoge-
nous antioxidant could not decompose the produced ROS.
The oxidation-antioxidant balance system in cells was dis-
rupted by the over-produced ROS. MDA content, lipid per-
oxidation product, was highly elevated in RSC-364 cells
after exposure to 30 and 300 wg/ml TiO, NPs. There
were 2.84 and 4.57 times (p < 0.05) higher than the con-
trol, respectively (Fig. 4). Based on this, we concluded
that ROS including H,0, and superoxide anion radicals
was produced in RSC-364 cells by incubating with TiO,
NPs. The balance of endogenous oxidation-reduction sys-
tem was broken. The cells lose the antioxidative ability,
resulting in the oxidative damage (MDA elevation). How-
ever, it was noteworthy that this was in a dose-dependent
manner.
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Fig. 4. Levels of SOD and MDA in RSC-364 cells after exposure to
TiO, NPs. Significance indicated by: *p < 0.05 versus the control; *p <
0.05 versus the 3 wg/ml group.

3.3. Cell Cycle

Oxidative stress in TiO,-NPs treated RSC-364 cells indi-
cates the possibility of DNA damage. The early effect
of DNA damage will be evidenced in cell cycle pro-
gression. Thus the cell cycle analysis for RSC-364 was
measured using flow cytometry. The result was shown
in Table I. After exposure to TiO, NPs for 12 h, there
were a block of cell cycle transition in gap 1 (GO/G1)
phase. By exposure to 30 and 300 wg/ml TiO, NPs, cells
in gap2/mitosis (G2/M) phase were obvious decreased.
Especially by treated with 300 wg/ml TiO, NPs, cells
arrested in GO/G1 phase (84.00%), only 0.40% cells in
G2/M phase, which was significantly different (p < 0.05)
from the control and the 3 wg/ml groups. TiO, NPs expo-
sure blocked the cells in GO/G1 phase, inhibited the
DNA synthesis and cell proliferation. This would result in
the decrease of cell viability, which was consistent with
the result of CCK-8 assay. Additionally, Ishikawa et al.
reported that cells with irreversible DNA damage would
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Table I.  Cell cycle distribution of RSC-364 cells after exposure to TiO,
NPs.

Groups G0/G1 S phase G2/M phase
(mg/ml) phase (% of cells) (% of cells) (% of cells)
0 72.61+9.19 19.18+7.24 8.21+2.67
3 74.40+8.02 17.194+4.9 8.35+3.35
30 76.57+7.35 17.124+4.93 6.31+2.66
300 84.00+3.17* 15.60+3.37 0.40+0.55*

Notes: *p < 0.05 versus the control; ¥ p < 0.05 versus the 3 wg/ml group.

give rise to accumulation in G1 phase.* Therefore, DNA
damage would be induced in RSC-364 cells by nanoparti-
cles exposure at specific dose, which need to be evaluated
further.

3.4. Cellular Uptake of TiO, NPs

To further analyze the cytotoxic effect of TiO, NPs, the
cellular uptake of TiO, NPs was assayed by TEM (Fig. 6).
In the TiO,-exposed groups, the aggregates of TiO, NPs
were internalized by cells in this form, entered into vesi-
cle and get into mitochondria. The internalization of TiO,
NPs caused the ultrastructural change of RSC-364. After
exposure to 3 wg/ml TiO, NPs, the nuclear shrinkage
was observed and the chromatin was condensed and dis-
tributed over the fringe of nucleus. The mitochondria were
swelling (Fig. 6(B)). In the cells exposed to 30 ug/ml TiO,
NPs, the nuclear fragmentation was observed (Fig. 6(C)).
The cell disintegration and the apoptosis body were
appeared, which meant that the late apoptosis occurred
in the cells exposed to 300 wg/ml TiO, NPs (Fig. 6(D)).
These indicated that TiO, NPs exposure could induce the
ultrastructural change of RSC-364 cells at the subcellular
level.
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Fig. 5. Levels of CAT activity in RSC-364 cells after exposure to TiO,

NPs. Significance indicated by: *p < 0.05 versus the control; *p < 0.05
versus the 3 wg/ml group.
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Fig. 6. Electric micrographs of RSC-364 cells after exposure to TiO, NPs. (A) Cells in DMEM standard medium without exposure to TiO, NPs—
negative control (B) cells exposure to TiO, NPs at the concentration of 3 pg/ml. The swelling mitochondria were observed. (C) Cells exposure to TiO,
NPs at the concentration of 30 wg/ml. (D) Cells exposure to TiO, NPs at the concentration of 300 pg/ml. The nuclear fragmentation was observed.
TiO, NPs formed aggrecates and were uptaken by RSC-364 cells. Arrows indicate the internalized TiO, NPs in cells. Asterisk indicates the apoptotic

body.

4. CONCLUSION

In summary, the influence of anatase TiO, NPs on cell
growth is characterized. Results demonstrate that anatase
TiO, NPs exposure can increase the permeability of
RSC-364 cells membrane, leading to the increased LDH
activity in culture medium. TiO, NPs are uptaken by
RSC-364 cells. The ultrastructural change of RSC-364
cells is evidenced by TEM. The flow cytometry detected
the over-production of intracellular ROS in the TiO,
NPs-exposed synovial cells. The main antioxidant enzymes
SOD and CAT activities decrease in the cells after exposure
to 30 pwg/ml and 300 wg/ml TiO, NPs. These imply that
the oxidation-antioxidant system is imbalanced in RSC-
364 cells after treating with TiO, NPs. The oxidative stress
response is induced. The elevated MDA level suggests
the oxidative damage occurred in cells. The cell cycle is
blocked in GO/G1 phase, inhibiting the cell proliferation,
and finally the cell viability decreases. What’s more, the
effect of anatase TiO, NPs on RSC-364 cells viability is
in a dose-dependent relationship. This work provides the
basic cell biological response of RSC-364 to anatase-TiO,
NPs, which are imperative to understand for their predicted
applications in biomedical science and orthopaedic materi-
als. This information is highly important in the risk assess-
ment of TiO, NPs.
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Nanoscale wear particles would generate from orthopedic implants with nanoscale surface topography because of residual stress. In
this study, the effect of TiO, nanoparticles on articular cartilage was investigated by intra-articular injection in rats. Using contrast-
enhanced high-resolution microcomputed tomography (micro-CT) technology, the decreased thickness of articular cartilage in
distal femur was determined at 1, 7, 14, and 30 days after nanoparticle exposure. A strong linear correlation (r = 0.928, P <
0.0001) was observed with the results obtained by needle probe testing. After exposure to TiO, nanoparticles, cartilage thickness
showed time-dependent decrease, and cartilage volume was decreased too. Further, the histopathological examination showed
the edema chondrocyte and shrinked nucleus in the radial and calcified zone of cartilage. The ultrastructure of articular cartilage
implied that the chondrocyte was degenerated, expressing as the condensed chromatin, the dilated endoplasmic reticulum, and
the rich mitochondria. Even, the fragments of ruptured endoplasmic reticulum were observed in the cytoplasm of chondrocytes
at postexposure day 30. Results indicate that potential damage of articular cartilage was induced by particles existed in knee joint

and imply that the biomonitoring should be strengthened in patients with prostheses replacement.

1. Introduction

The nanoscale (less than 100 nm) surface topography endows
nanomaterials as high biological active matrix for protein
adsorption and focal attachment [1, 2], which provides a
forthcoming prospect in tissue regeneration and orthopedic
prostheses [3-5]. Titanium is widely used in hip and joint
implants and is biocompatible because it spontaneously
forms a protective oxide thin film (TiO, coating, typically 4—
6 nm thin) at its surface. It is reported that nanoscale coating
creates a conditioned interface for osteoblast and chondro-
cyte adhesion [6-10] and promotes the osteointegration
and bone mineralization in vivo [11]. However, because
of corrosion, fretting, friction, and mechanical loss, many
wear particles would generate at the bone-implant interface
or in the joint space [12, 13]. Kuster et al. [14] reported
that wear particles with lamellar, chunky, osseous, elongated,
and rod shapes were observed in healthy and osteoarthritic

human knee joints. Except the different shapes, the nanoscale
polyethylene wear particles below 0.05um and metal wear
particles with sizes from 40 to 120 nm containing Co, Cr, and
Ti are detected in vivo with high-resolution microscopy tech-
nology [15, 16]. Many researchers reported that nanoscale
particles have a potential impact on living organism [17,
18]. In vivo, TiO, nanoparticles would be phagocytosed
by the epithelial and endothelial cells or macrophages, be
translocated into the heart, lung and liver tissues with
the blood circulation and cause the oxidative stress and
inflammatory response [19, 20]. For the interaction with
cells, TiO, nanoparticles are generally studied in vitro that
the DNA damage and cell membrane decomposition are
induced by the photocatalysis of TiO, [21-23]. In our pilot
study, the intra-articular-injected TiO, nanoparticles have a
potential toxicological effect on the knee joint and could be
disseminated to the major organs of rats from joint cavity
[24]. The aggregated TiO, nanoparticles deposited in the



knee joint induce the synovium hypertrophy, lymphocytes
and plasma cells infiltration, fibroblast proliferation, and
oxidative damage. However, some studies reported that the
inflammatory response occurred in synovium involved in
regulating the remodeling of articular cartilage, leading to a
loss of cartilage [25, 26].

Articular cartilage is very important in the joint move-
ment for providing a resilient and low-friction bearing sur-
face. The thickness of articular cartilage is related either
to the age, to the osteoarthritis, or to the mass of donors.
Shepherd and Seedhom [27] reported that thick cartilage
existed in the incongruent knee joint where most body
weight loaded on. Generally, the cartilage thickness is
measured by needle probe, ultrasonic technique, optical
stereomicroscope, and magnetic resonance imaging (MRI)
technique [28]. MRI technique is successfully used for
measuring the articular cartilage thickness of humans [29],
but the resolution of current clinical MRI systems (200 ym)
is not enough to analyze the small animal models and limits
its application. With the needle probe method, the intact, in
situ cartilage can be tested.

X-ray microcomputed tomography (4-CT) is an X-ray-
based nondestructive 3D imaging modality with microm-
eter-level voxel resolutions and quantitative morphological
analysis of electron-dense tissues such as tooth and bone
of rat, mouse, and rabbit. It is widely used for diagnosing
disease in medicine and scientific research in material
science, pharmacy, and biology, and so forth. Golding et al.
[30] proved that y-CT is a faster and more accurate spatially
3D technique than histological sections for reconstruction of
molluscan anatomy. For soft tissues, the contrast-enhanced
technique with iodic-contained solution agent is developed
to compensate poor radiopacity and to improve the X-
ray images. The successful measurement of kidney volume,
length, and thickness in mice was performed in vivo and ex
vivo by Almajdub et al. [31] using the contrast-enhanced
high-resolution y-CT technology as well as the liver and
spleen tumor assessment in living mice [32]. Recently, the
equilibrium partitioning of an ionic contrast agent via y-CT
(EPIC-uCT) is presented as a noninvasive imaging technique
and used to assess the articular cartilage morphology in
rabbit [33] and rat model [34].

In this study, the potential influence of intra-articular
injected TiO, nanoparticles on the articular cartilage in distal
femur of rats are investigated at postexposure days 1, 7,
14, and 30. The general approach is to expose rats to the
well-characterized nanoparticles by intra-articular injection,
to estimate the cartilage thickness and volume with time
course using 3D cartilage model which was reconstructed by
contrast-enhanced high-resolution y-CT technology and to
assess the potential cartilage injury by morphology analysis.

2. Material and Methods

2.1. Materials. TiO, nanomaterials (Hangzhou Wan Jing
New Material Co., Ltd.) without any coating were used in this
study. Its purity was higher than 99.8%. The properties such
as size, crystal profile, and structure state of TiO, were well
characterized previously [24]. Briefly, TiO, nanoparticles
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were red blood cells-like wafers with the average diameter of
45.87 = 7.75 nm, the thickness of 10~ 15 nm, and the average
pore size of 7.50 + 2.58 nm. The crystal profile was pure
anatase. The surface area was 105.03 m?/g with the cumu-
lative pore volume of 0.42cm?/g, which was determined
under Quadrasorb SI analyzer (Quantachrome Instruments,
USA) by N, absorption at 77.3K. In sterile physiological
solution, TiO, tended to aggregate and clustered from 183.7
to 282.0 nm and from 575.6 to 1018.9 nm.

The contrast agent used in this study was Compound
Meglumine Diatrizoate Injection (CMDI, ionic monomer
iodic contrast agent, iodine concentration = 370 mg/mL;
Shanghai Xudong Haipu Pharmaceutical Co., Ltd, Shanghai)
consisting of 32 mg/mL sodium diatrizoate and 268 mg/mL
meglumine diatrizoate. The ultrapure water was prepared
with a resistivity of 18.2 MQ*cm (PureLab Plus, Pall, USA).
Phenylmethanesulfonyl fluoride (PMSF) was provided by
Roche. All other reagents used in this study were at least of
analytical grade.

2.2. Animals. Male Sprague Dawley rats with 180-200g
body weight (about 7-8 weeks old, Experimental animal
center of Peking University) were housed in polycarbonate
cages placed in a ventilated, temperature-controlled room.
The standard conditions were supplied and maintained at
20 = 2°C room temperature, 60 = 10% relative humidity,
and 12h light/dark cycle. The commercial pellet diet and
distilled water for rats were available ad libitum. All pro-
cedures used in these animal studies were compliant with
the local approved protocols of the Administration Office
Committee of Laboratory Animal. Animals were acclimated
to this environment for five days prior to treatment.

2.3. Experimental Protocol. We prepared TiO, suspension
using physiological saline solution at 2 mg/mL. Briefly, the
powdered TiO, nanoparticles were dispersed in the fresh
sterilized physiological saline solution, and the suspension
was ultrasonicated for 10 min in 4°C at 200 W to disperse
completely as much as possible.

The animals’ experiments were set at four time intervals
(postexposure days 1, 7, 14, and 30) to evaluate the change
of articular cartilage thickness and morphology. Based on
our previous study [24], both control and nanoparticles-
exposed rats were included (10 rats per group) in each time
interval because the intra-articular nanoparticles would be
disseminated to other tissues. The dosage of 2 mg/kg was
selected, which is lower than the detected Ti particles in
patients [35]. Before treatment, animals were anesthetized
by 30 mg/kgbwi.p. sodium pentobarbital (Germany). The
furs on bilateral hind knees were shaved softly after soaking
with soaps liquid, and the povidone iodine was applied
to prevent infection. The two hind knee joints were intra-
articular injected with 100 L of 2 mg/mL TiO, suspensions
every other day for 4 times, respectively. TiO, suspension
was vortexed for 3 min before injections. The equal volume
physiological saline solution was given to the control rats.
Following the exposure, all rats were held for drink and
food ad libitum. The daily activity and body weight of all
rats were recorded carefully. At postexposure days 1, 7, 14,
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FIGURE 1: Scanning, segmenting, and remodeling of articular cartilage in distal femur. (A): scout image of distal femur obtained by u-CT;
(B): transverse slice of distal femur; (C): sagittal slice of distal femur; (D): the green part is cartilage; E: 3D cartilage model.

and 30, the hind knee joints were collected both in the
control and exposed group. To cut off the peripheral muscle
and ligament carefully, six distal femurs from three rats per
group were fixed in 10% formalin solution for histopatho-
logical analysis. Three fresh cartilages from three rats per
group were immediately immersed in 2.5% glutaraldehyde
at 4°C for transmission electron microscopy observation.
The remainder distal femurs were cut transversely at the
midpoint of the femoral neck, wrapped in sterilized gauze
which was soaked with phosphate buffered saline (PBS),
and then stored in —20°C. To protect the cartilage from
degeneration, 0.1 mmol/L PMSF was used in PBS.

2.4. Determination of Contrast Agent Concentration. The
concentration of contrast agent is very important for
distinguishing the cartilage and calcified bone tissue, seg-
menting the cartilage contour accurately, and remodeling
the cartilage. To determining the optimal contrast agent
concentration, the contrast agent CMDI was diluted in
different concentration by PBS solution. The four distal
femurs from 10-week-old rats additionally was incubated in
5mL tube containing 20%, 30%, and 40% CMDI dilution
of PBS for 10 min at 37°C, then immediately transferred to
a u-CT system for scanning, respectively. All scanning were
carried out at 70 kV, 142 yA, and with 18 ym isotropic pixel
size.

2.5. Cartilage Scanning and Remodeling. Based on the above
determined contrast agent concentration, the incubation
in 30% CMDI for 10min at 37°C was selected as the
best protocol. The freezed distal femurs were thawed at
37°C, incubated in 30% CMDI for 10min, and then
scanned with 18 ym isotropic pixel size using SkyScan 1076
microtomograph (Aartselaar, Belgium) at 70 kV, 142 yA. The
whole procedure of scanning, segmenting, and remodeling
of articular cartilage was shown in Figure 1. The specimen
tube was fixed on object bed at horizontal level. After
preview, the 35 X 200 mm area was scanned with the source-
detector pair rotating with 0.02°/min/step. To enhance tissue
features in image, aluminum 1.0 mm physical filter was

selected to absorb the low-energy X-ray. The transverse
slices of distal femur were reconstructed using cone-beam
reconstruction program and transformed to sagittal slices
using DataViewer software package (Aartselaar, Belgium).
In order to accurately partition the contrast agent, articular
cartilage, and calcified bone, the cartilage contour was
segmented by manual according to the CT value. Finally, the
3D cartilage model was reconstructed (Figure 1(e)). The 3D
cartilage model was imported into the 3D software Geomagic
Studio (Raindrop Geomagic Inc., USA) and to calculate the
volume of articular cartilage. Because the change of articular
cartilage thickness occurred at the femoral weight bearing
sites [33], the cartilage thickness was determined at six points
on the superior load-bearing aspect of the medial condyle
and lateral condyle of femur by virtually sectioning 3D
cartilage model at the desired sagittal plane. All scans and
analyses were performed by a single-experienced operator.

2.6. Needle Probe Testing. The distal femurs used in y-CT
scanning were potted in dental resin using a cylindrical pot
and then used to measure cartilage thickness by needle probe
testing. The potted specimen was mounted on a specially
designed apparatus that could adjust the articular cartilage
surface precisely in five degree-of-freedom directions (x,
¥, 0x, Oy, and 0z) to perpendicular to the needle probe
(Figure 2(a)). The apparatus was positioned on the base
groove of an Autograph AG-IS material testing machine
(Shimadzu, Japan). Once positioned, the assembly was
locked strictly to provide enough rigidity through the tests.
Articular cartilage thickness was measured by slow
(0.03 mm/min) insertion of a blunt needle probe (0.5 mm in
diameter) attached to a 50 N load sensor (sensitivity: 0.25 N).
All tests were conducted at room temperature. In whole
test procedure, the cartilage surface was kept hydrated with
PBS-containing PMSE The load and displacement outputs
were recorded at 0.05sec interval as the probe penetrated
into the cartilage tissue. A change of the slope of the load-
displacement curve indicated the probe penetrated from
the cartilage to the calcified bone. Cartilage thickness was
measured using the probe to sense the moments when the
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probe pressed the articular surface and when it contacted
the calcified bone (Figure 2(c)). Needle probe testing was
performed at six points on the medial condyle and lateral
condyle of femur (Figure 2(b)) in corresponding to the sites
on 3D cartilage model.

2.7. Histopathology Examination of Articular Cartilage. The
distal femurs were fixed in 10% formalin solution, decalcified
with 10% nitric acid for 24 h, and rinsed by tap water for
4h. And then, the histopathological tests were performed
using standard laboratory procedures. Briefly, the tissues
were dehydrated in graded series of 80%, 90%, 95%, and
100% ethanol, followed by clearing in toluene, infiltrated
in hot liquid paraffin, finally embedded in paraffin blocks
to allow for 5um sections, and mounted onto the glass
slides. They were stained with hematoxylin-eosin (H&E) for
microscopic analysis. All sections were observed, and the
photos were taken using optical microscope (Olympus BX51,
USA). The identity and analysis of pathology sections were
blind to the pathologist.

2.8. Ultrastructure of Cartilage by Transmission Electron Mi-
croscopy. The fresh cartilage was carefully cut off by scalpel

and immediately immersed in 2.5% glutaraldehyde at 4°C.
After washing with PBS sufficiently, the cartilage was fixed
with 1% osmium tetroxide, dehydrated in a graded series
of ethanol, embedded in araldite, and polymerized for
24h at 37°C. Ultrathin sections (50nm) were cut with
ultramicrotome (LKB-V, Sweden), contrasted with uranyl
acetate and lead citrate, and observed with TEM (H-600,
Hitachi).

2.9. Statistical Analysis. For statistical analysis, all data are
expressed as mean + standard deviation (SD). The one-
way analysis of variance (ANOVA) was performed to analyze
the significance using the statistical software SPSS 13.0 for
windows. A LSD post hoc multiple comparison test was used
for different groups. P < 0.05 was considered as the statistical
significance.

3. Results

3.1. Concentration of Contrast Agent. According to the differ-
ent X-ray attenuation (CT value) of contrast agent, cartilage
and calcified bone, the optimal contrast agent concentration
was determined. Figure 3 showed the representative saggittal
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contrast agent, articular cartilage, and calcified bone, respectively.

slice of distal femur in 20%, 30%, and 40% CMDI for u-
CT in the rat model and the average X-ray attenuation of
contrast agent, articular cartilage, and calcified bone in the
corresponding CMDI. In 20% CMDI, the average X-ray
attenuation of femoral articular cartilage and calcified bone
was 78 and 221, respectively. This contrast difference was
enough to segment the cartilage from calcified bone, but
not enough to differentiate the cartilage from contrast agent
accurately. In 40% CMDI, the average X-ray attenuation
of cartilage was 106, which was close to that of calcified
bone (148). Therefore, it was difficult to distinguish between
the cartilage and calcified bone in segmenting by manual.
However, when the distal femur was incubated in 30%
CMDI, the average X-ray attenuation of contrast agent,
cartilage, and calcified bone was 178, 90, and 198, respec-
tively, which provided the appropriate contrast difference for
accurately segmenting the cartilage from the contrast agent

(thickness in the corresponding control — thickness in TiO; exposed rats)

and calcified bone. In the following scanning, therefore, all
the distal femurs were incubated in 30% CMDI to remodel
the cartilage.

3.2. Thickness and Volume of Articular Cartilage Determined
by u-CT. According to the above-determined concentration
of contrast agent, the incubation in 30% CMDI for 10 min
at 37°C was selected as the best protocol. Three distal femurs
per group were scanned to obtain the 3D cartilage model.
The thickness of articular cartilage exposed to TiO, nanopar-
ticles were calculated and shown in Figure 4. At day 1 after
exposure to TiO, nanoparticles, the thickness of articular
cartilage was 0.2754 + 0.0207 mm, which was smaller than
that of the corresponding control (0.2942 + 0.0150 mm).
The changes in cartilage thickness were calculated comparing
with that in the corresponding control at each particular time
point. The % reduction was calculated as follows.

% reduction =

At postexposure days 1, 7, 14, and 30, the thickness
of articular cartilage was reduced with the rate of 6.41%,
4.52%, 8.64%, and 11.03%, respectively. Comparing with
the corresponding control, the significant difference was

% 100 (1)

thickness in the corresponding control

detected in rats at days 7, 14, and 30 after exposure to TiO,
nanoparticles (P < 0.05) (Figure 4).

Using the 3D cartilage model, the volume of articular
cartilage covered on the distal femur was measured and
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FIGURE 5: Volume of articular cartilage in the distal femur by
3D cartilage model. *P < 0.05 compared with the corresponding
control.

illustrated in Figure 5. At postexposure days 1 and 7, the
volume of cartilage showed a little decrease compared to
the corresponding control (P > 0.05); whereas, at days 14
and 30, the significant reduced cartilage volume was detected
(P < 0.05). It indicated that the growth of articular cartilage
might be disturbed by TiO, nanoparticles existed in the joint
cavity.

For the control rats at different time points, we deter-
mined that the thickness and volume of articular cartilage
decreased with the rat age. This was important in carti-
lage development and consistent with the reported results
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[34, 35], which could be due to the endochondral bone
development and fibrillation under function adaptation or
physiological adaptation in rats during normal growth.

3.3. Thickness of Articular Cartilage Detected by Needle
Probe Testing. In testing, the load-displacement curves were
recorded as the load probe penetrated to the cartilage with
0.03 mm/min. According to the slope change of the load-
displacement curve, the thickness of articular cartilage in
distal femur of rats in each group was determined and
illustrated in Figure 6. For the control rats, the thickness
of articular cartilage became reduced with the rat age
increase, which was consistent with the results obtained
by the 3D cartilage model. For the rats exposed to TiO,
nanoparticles, the cartilage thickness showed the significant
decrease compared to the corresponding control (P < 0.05)
at postexposure days 1, 7, 14, and 30, respectively.

These results showed a strong linear correlation (r =
0.928, P < 0.0001, n 48) with that determined by
the 3D cartilage model (Figure 7), which suggested that the
determination of cartilage thickness obtained both by 3D
cartilage model and by needle probe testing was accurate and
creditable.

3.4. Morphology Change of Articular Cartilage. In whole ex-
posure and postexposure period, animals were given food
and water ad libitum, no abnormal daily activity was ob-
served. After sacrificing the rats, the smooth and moist
knee cavity including synovial capsule were observed in the
control rats; whereas, the white particles-xanthoproteic com-
plexes were observed in the synovial joint capsule of exposed
rats, which indicated the deposition of intra-articular TiO,
particles. With the time prolong from the postexposure days
1 to 30, the deposited particles-xanthoproteic complexes
were reduced, as shown in Figure 8.
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The histopathology of articular cartilage by H&E staining
was shown in Figure 9. Both in the control and exposed
rats, the articular cartilage had the intact perichondrium and
homogenous cartilage matrix. Depending on the arrange-
ment of chondrocytes and collagen fibres, articular cartilage
is divided into several zones including the tangential layer,
the transitional zone, the radial zone, and the calcified
cartilage layer. In the control, the matrix of the calcified
cartilage layer stained slightly darker than the matrix of
the other cartilage zones. However, at postexposure day 30,
the calcified cartilage layer was eosin-stained, which stained
lighter than that of the other groups. In the radial and
calcified zone of the cartilage, the chondrocyte was edema,
and the cell nucleus was shrinked. These implied that the
cartilage injury was induced by the intervention of deposited
TiO, nanoparticles at day 30.

Figure 10 showed the ultrastructure of articular cartilage
in the distal femur observed by TEM. After exposure
to TiO, nanoparticles, the chromatin was condensed and
distributed over the fringe of nucleus, the nuclear membrane
was invaginated, endoplasmic reticulum was dilated, and
ribosomes were decreased in chondrocyte at day 1. The
rough endoplasmic reticulum had a lamellar arrangement in
the cytoplasm at days 7. The intense axons on the cell surface
were developed, and the mitochondria were rich and became
swollen in chrondrocyte at day 14. At postexposure day 30,
to our surprise, the endoplasmic reticulum ruptured, and the
fragments were distributed in the cytoplasm.

4. Discussion

Herein, the impact of TiO, nanoparticles on the articular
cartilage in the knee joint was reported. By intra-articular
injecting the nanoscale TiO, suspension, we observed that
there was some particles deposition in the knee joint of

rats. Using contrast-enhanced high-resolution y-CT technol-
ogy, we determined that the cartilage thickness decreased
significantly at postexposure days 7, 14, and 30, which
has a strong linear correlation (r = 0.928, P < 0.0001)
with the results obtained by needle probe testing. It is
reported that the cartilage change would occur on the
medial condyle and lateral condyle of femur because of
the compression from weight [36]. Articular cartilage is the
smooth, glistening white tissue that covers the surface of all
the diarthrodial joints. The main structure of cartilage is the
“Benninghoft” collagenous fibre (mainly type II collagen)
and the hydrated proteoglycan embedded in it to provide
the proper biomechanical function. In our previous study
[24], the intra-articular TiO, nanoparticles resulted in the
synovium hypotrophy, oxidative damage, and inflammation,
such as lymphocytes and plasma cells infiltration and fibrob-
last proliferation. Some studies reported that the inflam-
matory response occurred in synovium was involved in
regulating the remodeling of articular cartilage and affecting
the chondrocyte function, leading to a loss of cartilage and
erosion and weakness of the bones [25, 26]. It is to say that
the activated synovial fibroblasts attached to the pannus-
cartilage interface and released matrix-degrading enzymes,
such as matrix metalloproteinases and the proinflammatory
cytokines (TNF-a and IL-1) [26, 37]. The matrix-degrading
enzymes would inhibit the synthesis of type II collagen
through regulating the chondrocyte and the aggregation of
proteoglycans [38]. The reduced extracellular matrix would
lead to the thinner articular cartilage. Therefore, in this study,
the significant decreased articular cartilage thickness was
detected in the distal femur of rats exposed to intra-articular
TiO, nanoparticles. As determined by the 3D cartilage
model, the cartilage thickness reduced about 4.52%, 8.64%,
and 11.03% at postexposure days 7, 14, and 30, respectively.

It needs to be pointed out that the thickness and volume
of articular cartilage in the control rats also showed a
reduction with age. In the weight-bearing joint, studies
reported that the cartilage thickness reduced with age both
in human [36, 39] and in horse [40]. This is important
in cartilage development and ascribed to the endochondral
bone development and fibrillation under functional or
physiological adaptation. The fetal cartilage is homogenous,
showing no site-dependent differences. As the animal gets
older and cartilage maturates, cartilage becomes gradually
heterogeneous under the influence of joint loading, showing
topographical variations in both thickness and compressive
stiffness. It is worth to emphasize that Xie et al. [34] also
showed that the thickness and volume of cartilage in distal
femur decreased in rat during normal growth from 4 to 8
weeks, and even to 16 weeks.

As the only living element of the articular cartilage,
the chondrocyte holds a key position in the development
of cartilage. It produces the components of the matrix,
that is, collagens and proteoglycans. Therefore, besides the
above determination of the articular cartilage thickness,
the histopathology and ultrastructure of articular cartilage
were analyzed in this study to observe the change of
chondrocytes after exposure to TiO, nanoparticles. Results
showed that the chondrocytes were edema and degenerated
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FIGURE 9: Microphotograph of articular cartilage in the distal femur exposed to TiO, nanoparticles by H&E staining. Arrow indicates the
edema and degenerated chondrocytes in the radial and calcified zone at postexposure day 30.

in the radial and calcified zone at postexposure day 30. The
ultrastructural study of cartilage suggested the degeneration
of chondrocyte. More importantly, the mitochondria were
rich and became swollen in chondrocyte at postexposure
day 14; the endoplasmic reticulum were ruptured in the
chondrocyte at postexposure day 30. It is well known that
the endoplasmic reticulum plays an important role in the
hydroxylation and glycosylation of procollagen, and the

mitochondrion takes part in oxidative phosphorylation and
functions as the energy factory of cell. The ruptured endo-
plasmic reticulum would inhibit the synthesis of collagen and
glycosaminoglycans [41]. The reduction in matrix synthesis
may provide a potential explanation for the thinning of
articular cartilage observed in our study. Further, it is
reported that chondrocyte promotes the articular cartilage
loss because the surface receptors for cytokines respond to
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FIGURE 10: The ultrastructure of articular cartilage in the distal femur exposed to TiO, nanoparticles. N: nucleaus; ER: endoplasmic
reticulum; M: mitochondria. After TiO, nanoparticles exposure, the chromatin was condensed and distributed over the fringe of nucleus,
the nuclear membrane was invaginated, the endoplasmic reticulum was dilated, and the ribosomes were decreased in chondrocyte at
postexposure day 1. At day 7, a lamellar arrangement for rough endoplasmic reticulum was observed in cytoplasm. At day 14, the intense
axons on the cell surface were developed and the mitochondria were rich and became swollen in chondrocyte. At day 30, the endoplasmic

reticulum ruptured, and the fragments were distributed in cytoplasm.

the ligands with the production of prostaglandin E, and
metalloproteinases in synovitis [42]. Of course, to unveil the
detailed mechanism of cartilage loss, it is necessary to further
research the influence of nanoparticles on the synthesis of
extracellular matrix in cartilage, including the collagen and
proteoglycan.

5. Conclusion

In conclusion, after intra-articular injection of TiO, nano-
particles, we determined that the thickness of articular carti-
lage was decreased using contrast-enhanced high-resolution
u-CT technology, which had a strong linear correlation (r =
0.928, P < 0.0001) with the results obtained by needle probe
testing. The cartilage thickness was significant decreased with
the rat age, and the same trend was observed in cartilage
volume. The analysis of morphology and ultrastructure of
articular cartilage indicated the chondrocyte was degen-
erated. Results suggested that the articular cartilage is a
potential target for wear particles in knee joint.
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ABSTRACT

Recently, nanomaterials coating gained much concern in orthopedic implants such as bone, cartilage, joint,
etc. The wear particles would generate from coating in living organism due to corrosion. In this study, we
demonstrated that the intraarticular injected anatase TiO, nanoparticles had a potential toxicological
effect on major organs and knee joints of rats. The histopathological changes of heart, lung and liver
indicated the dissemination of intraarticular TiO, nanoparticles from joint cavity to system. In the knee
joint, the aggregated TiO, nanoparticles deposited and resulted in the synovium hypotrophy and
lymphocytes and plasma cells infiltration, but had no effects on cartilage. In the TiO,-exposed synovium,
the oxidative damage was induced because the glutathione peroxidase (GSH-Px), reduced glutathione
(GSH), oxidized glutathione (GSSG), and superoxide dismutase (SOD) levels were highly regulated to
counteract over-produced free radicals, i.e. hydrogen peroxide (H,0;). Further, the lipid peroxidation was
detected in the synovium though the expression of proinflammatory cytokines such as tumor necrosis
factor alpha (TNF-o.) and interleukin (IL-1f) was not much interfered. This research suggested that the

amounts of nanocoating in the surface of implants should be controlled and standardized.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Based on the special properties of nanometric surface topo-
graphy, such as high specific surface area, roughness and chemical
composition, nanobiomaterials have a good prospect in application
of biomedical products and orthopedic implants [1-4]. It is repor-
ted that nanophase coatings on the surface of commercial pure Ti or
Ti alloys implants can modulate protein adsorption and promote
cell adhesion, osseointegration and bone mineralization at the
bone-biomaterial interface both in vitro and in vivo [5-10], so that
nanomaterials coating gain much concern in the use of bone,
cartilage, joint, ligament and vessel. Webster et al. [9] proved that
the enhanced osteoblast adhesion on nanophase material was
especially dependent on the surface topography such as grain and
pore size. The oriented TiO, nanotubes with 15-30 nm diameters
on titanium surface could accelerate cell adhesion, spreading
(integrin clustering) and cellular activities [8].

However, in the nanophase coating of implants, the residual
stress remains. Under the chloride-contained physiological fluid and
microenvironment around the implants, many wear particles would
generate at the bone-implant interface or joint space due to the

* Corresponding author. Tel./fax: +86 10 8233 9428.
E-mail addresses: yubofan@buaa.edu.cn, yubofan@yahoo.cn (Y.-B. Fan).

0142-9612/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2009.05.008

corrosion, fretting, friction and mechanical loss of prostheses [11,12].
Recently, the nanosized wear particles below 0.1 um were observed
both in joint simulators and in joint periprosthetic tissues [13].
Because of the unique physiochemical properties of nanomaterials
such as high surface area, small size and high reactivity, the potential
toxic health and environmental effects of nanomaterials were put
forward by some scientists and organizations [14-18].

In vivo, nanoparticles would be translocated to and entrapped in
other tissues/organs along the blood circulation [19-21]. Berry et al.
[22] firstly confirmed the translocation of 30 nm gold particles
across the alveolar epithelium into pulmonary capillaries by
intratracheal instillation. It is reported the rapid translocation
(about 25-30%) of instilled **™Tc-labeled carbon nanoparticles in
5 min from the lung to the bloodstream of hamsters [23]. In our
previous study, the high deposition of TiO, in the liver was deter-
mined after oral exposure 80 nm TiO, particles [24].

In vitro experiments revealed that nanosized TiO, (n-TiO;)
particles could catalyze DNA oxidative damage in embryo fibro-
blasts [25] and lymphoblastoid cells [26], induce oxidative burst
and lipid peroxidation in brain microglia [27], and lead to cell death
by apoptosis or necrosis in mesenchymal stem cells [28] and U937
monoblastoid cells [29]. Ti and Ti alloys debris significantly influ-
enced the cell proliferation and enzyme induction of synovial
fibroblast [30]. The production of reactive free radicals including
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hydroxyl (OH), superoxide anion (O,) and hydrogen peroxide
(H03) radicals, and oxidative damage are thought of as the best
developed paradigm to study the toxic effects of nanoparticles both
in vitro and in vivo [16,18].

The intraarticular injection is a handy way for doctors to treat
rheumatoid arthritis or osteoarthritis, which allows for the injection
of steroid, anaesthetic, and hyaluronate. The controlled-release
micro- or nanodrugs were also intraarticular injected to deal with
arthropathy [31]. In this paper, to simulate the release of wear
nanoparticles into joint cavity produced from nanocoated surface of
implants in total joint prostheses, the intraarticular nanoparticles
injection was performed. We aim to investigate the biological effect
of intraarticular injected TiO, nanoparticles (anatase, purity
>99.8%) on major organs of rats. Serum biochemical parameters and
histopathology were investigated to evaluate the potential injury of
tissues. The contents of antioxidants, lipid peroxidation and proin-
flammatory cytokines in the synovial membrane were also analyzed
to indicate the oxidative stress and immune response in knee joint.

2. Materials and methods
2.1. Materials

TiO, nanomaterials were provided by Hangzhou Wan Jing New Material Co., Ltd.
It's purity is higher than 99.8%. The crystal profile was characterized by automatic
X-ray diffractometer (XRD, Rigaku D/max 2200 PC, Japan) equipped with RINT2000
wide angle goniometer. The data were collected in the mode of continuous scanning
with power setting of 40 kV, 100 mA, scanning speed of 6°/min using Cu Ko radia-
tion (A= 0.154 nm).

TiO, nanomaterials were suspended in ultrapure water and ultrasonicated for
5 min x 10 circles. The suspension was dipped on the cleaned silicon wafer and dried
in an oven at 45 °C. The morphology and particle size of n-TiO, particles were
obtained by scanning electron microscopy (SEM, Hitachi S-4800, Japan). In addition,
the microstructure profile of n-TiO, was obtained with a high resolution trans-
mission electron microscopy (TEM, JEM-2100F, Japan). The ultrapure water was
prepared with a resistivity of 18.2 MQ cm (PureLab Plus, PALL, USA). Bovine serum
albumin and Coomassie brilliant blue G-250 were purchased from Sigma. Phenyl-
methanesulfonyl fluoride (PMSF) was provided by Roche. All of other reagents used
in this study were at least of analytical grade.

2.2. Animals

Male Sprague Dawley rats (180-200 g body weight, Experimental animal center
of Peking University) were housed in polycarbonate cages placed in a ventilated,
temperature-controlled room. The standard conditions were supplied and main-
tained at 20 + 2 °C room temperature, 60 + 10% relative humidity, and 12 h light/
dark cycle. The commercial pellet diet and distilled water for rats were available ad
libitum. All procedures used in this animal studies were compliant with the local
approved protocols of the Administration Office Committee of Laboratory Animal.
Animals were acclimated to this environment for five days prior to treatment.

2.3. Experimental protocol

We prepared n-TiO, suspension using physiological saline solution at three
different concentrations of 0.2, 2, and 20 mg/ml, respectively. Briefly, the powdered
TiO, nanoparticles were dispersed in the fresh sterilized saline solution, and the
mixture was ultrasonicated for 3 min in 4 °C at 200 W to disperse completely as well
as possible. Then, to determine the dispersion and aggregation status of n-TiO;
particles in physiological solution, the dynamic light scattering (DLS) method was
performed by particle size analyzer (PSA, 90-Plus, Brookhaven Inst. Corp., NY)
equipped with a 50 mW solid state argon-ion laser excitation on 659 nm, a BI-
9000AT digital correlator, a BI-200SM goniometer and a temperature controller. The
normalized particle size distribution was calculated by Brookhaven Instruments
particle sizing software.

Forty rats with weights ranging from 180 to 200 g were randomly assigned to
four groups: control, low, middle and high group based on weight (10 rats per
group). Before treatment, animals were anesthetized by 30 mg/kg bw i.p. sodium
pentobarbital (Germany). The furs on bilateral hind knees were shaved softly after
soaking with soaps liquid, and the povidone iodine was applied over the site with
a cotton carrier to prevent infection. Based on previous works of Ti and Ti-Al
metallic wear debris in clinical study [32,33], the two hind knee joints were intra-
articular injected with 100 ul of 0.2 mg/ml (0.2 mg/kg, low group), 2 mg/ml (2 mg/
kg, middle group), and 20 mg/ml (20 mg/kg, high group) TiO, suspensions,
respectively. The equal volume physiological solution was given to the control rat
every other day for 4 times. Following the exposure, all animals were held for post-

exposure period of 7 days. After fasting over night, all animals were anesthetized to
collect the blood. By centrifugation at 3000 rpm for 10 min, the serum was harvested
for biochemical parameters assay. The tissues/organs such as heart, liver, spleen,
lung and kidney, especially the hind knee joint and synovial membrane were excised
out for histopathology examination. The knee joints were lavaged by 100 pl physi-
ological solution for 2 times, and the lavage fluid was kept in —80 °C for later use.

2.4. Coefficients of organs

Seven days post-exposure, the rats were killed and organs including heart, liver,
spleen, kidneys and lung, were excised out and weighed accurately. The coefficients
of organs to body weight were calculated as the ratio of organs (wet weight, mg) to
body weight (g).

2.5. Assay for serum biochemical parameters

In this study, the serum biochemical markers were assayed using a Biochemical
Autoanalyzer (Type 7170, Hitachi, Japan). Creatine kinase (CK) activity and hepatic
function with levels of alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (AKP) and lactate dehydrogenase (LDH) were measured
by commercial kits (Biosino bio-technology and science incorporation Co. Ltd.). Total
bilirubin (TBIL), blood urea nitrogen (BUN) and creatinine (Cr) were evaluated for renal
function and the content of fasting blood glucose (Glu) was also detected in serum.

2.6. Histopathological examination

A part of tissues/organs such as heart, liver, spleen, lung, kidney and synovium
was cut out and immediately fixed in a 10% formalin solution. The histopathological
tests were performed using standard laboratory procedures. The tissues were
embedded in paraffin blocks, then sectioned into 5 um sections and mounted onto
the glass slides. The hematoxylin—eosin (HE) staining protocol was applied to these
sections.

The knee joint was fixed in a 10% formalin solution and decalcified with 10%
nitric acid for 24 h and embedded in paraffin to allow for 5 pm sections. They were
stained with hematoxylin-eosin for microscopic analysis. In addition, cartilage was
stained by toluidine blue staining to observe the chondrocyte. All sections were
observed and the photos were taken using optical microscope (Nikon U-III Multi-
point Sensor System, USA). The identity and analysis of pathology sections were
blind to the pathologist.

2.7. Assay of enzymatic activities in synovium tissue

The synovium with subsynovium tissues per group were weighed and embrit-
tled by liquid nitrogen, and minced by knife and transferred into a centrifuge tube.
The 1:9 (W/V) volume of cold 0.1 mol/L phosphate buffer (0.1 mol/L NayHPOy4,
0.1 mol/L KH;PO4, 0.1 mmol/L PMSF, pH 7.4) was added, and the mixtures were
homogenized by a ultrasonic cell disruptor (JY92-II, Ningbo Scientz Biotechnology
Co., Ltd., China) for 5 s x 20 circles with 9 s intervals at the power of 300 W in 4 °C.
The homogenization was centrifuged at 14,000g for 10 min in 4 °C (Universal 32R,
Hettich zentrifugen, Germany), collecting the supernatants to assay some oxidative
biomarkers. The activity of glutathione peroxidase (GSH-Px), and the levels of
reduced glutathione (GSH), oxidized glutathione (GSSG), H,0,, superoxide dis-
mutase (SOD) and lipid peroxidation in synovium were examined according to the
method used in Wang et al. [34]. The above reagents and kits were provided by
Nanjing Jiancheng Bioengineering Institute (Jiangsu, China). Briefly, the activity of
GSH-Px was assayed by determination of the reduced GSH in the homogenate
according to the standard substrate, i.e. 1-chloro-2,4-dinitrobenzene (CDNB)
conjugated with GSH. The lipid peroxidation product was measured using the thi-
obarbituric acid (TBA) assay for malondialdehyde (MDA) content. H,O, content in
the homogenate was determined by the routine method of adding ammonium
molybdate in the reaction system [35]. Protein concentrations were determined
according to Bradford’s method [36], using bovine serum albumin as a standard.

2.8. Measurement of proinflammtory cytokines

The cytokines of TNF-a and IL-1B in the joint lavage fluid and synovium
homogenate were analyzed by enzyme linked immunosorbent assay (ELISA) kits that
is specific for rat (Biosource International, Inc., USA). The assays were performed
strictly according to the manufacturer’s instructions. Photometric measurements
were conducted at 450 nm using a 96-well microplate reader (Bio-rad 550, USA). The
detection limit of each assay was less than 4 pg/ml for TNF-o and 3 pg/ml for IL-1.

2.9. Statistical analysis

For statistical analysis, all data are expressed as mean -+ standard deviation (SD).
The statistical software SPSS for windows 13.0 was used to perform a post-hoc
multiple comparison test such as LSD and Turkey’s test following a one-way analysis
of variance (ANOVA). p < 0.05 was considered as the statistical significance.
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Fig. 1. Morphology and microstructure characterized by SEM (A) and TEM (B) and X-ray diffraction pattern (C) of TiO, nanoparticles.

3. Results
3.1. Characterization of TiO, nanoparticles

The microstructure, morphology, particle size and crystal profile
of TiO, nanoparticles were characterized by SEM, TEM and XRD
(Fig. 1). From SEM images, we observed that n-TiO; particles were
red blood cells-like wafers with the average diameter of
45.87 +7.75 nm, the thickness of 10-15 nm, and the average pore
size of 7.50+2.58 nm (Fig. 1A). The TEM micrographs of TiO,
showed nearly belt or sheet structure with the length of
45.35 £ 8.70 nm and the width of 13.42 4- 3.94 nm (Fig. 1B), which
was well consistent with the average diameter and thickness
obtained by SEM, respectively. The pure anatase profile of TiO,
nanoparticles was observed from XRD spectrum (Fig. 1C).

Further, dynamic light scattering measurement showed the
aggregation ability and distribution of particle size in aqueous
media. The hydrodynamic diameter distribution of n-TiO, particles
in physiological solution is shown in Fig. 2. The two distribution
peaks ranging from 183.7 to 282.0 nm and from 575.6 to 1018.9 nm
were detected, which indicated that much TiO, particles were
clustered and aggregated in solution.

3.2. Coefficients of organs

During whole exposure, no other abnormal daily activity and
symptoms were observed except that all rats were unwilling to move
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Fig. 2. Hydrodynamic diameter distribution of TiO, nanoparticles in physiological
solution.

and like to rest within 6 h after injection. The body weight in whole
exposure period is illustrated in Fig. 3. There were no significant
changes between the control and exposed groups both in the
exposure period and post-exposure period. After sacrificing all rats at
7 days post-exposure, the coefficients of organs to body weight were
determined and shown in Table 1. In the low group, there was no
obvious difference from the control for the coefficient of each organ
to body weight. In the middle group, the spleen showed significantly
higher coefficient than the control (p < 0.05) and the lung coefficient
was slightly increased. In the high group, the lung and kidney pre-
sented significant higher coefficients (p < 0.05), and the increased
heart coefficient was also determined though no significant differ-
ence existed comparing with the control (p > 0.05).

3.3. Changes of serum biochemical parameters

To investigate the physiological changes in rats after intraarticular
injecting n-TiO, particles, the serum biochemical parameters were
detected (Table 2) at 7 days post-exposure. Generally, the levels of
TBIL, AKP, ALT and AST markers were determined to evaluate the
liver function. In the low group, the levels of these parameters were
similar to that in the control (p > 0.05), except that the AKP and Cr
showed the significant decreased levels. In the middle and high
groups, the ratio of AST/ALT, a sensitive indicator for hepatic injury,
was significantly higher than the control (p < 0.05), though the
activity of ALT was lower than the control and the AST activity was
a little higher (p > 0.05). Nevertheless, the LDH was over-released

400
—a— Control
—o— Low
— A i
350 4 M_lddle
— —v— High
2
c
Ry
[0 -
2 300
>
©
o
m
250
exposure |postexposure
200 T T T T T T T T T T

0O 2 4 6 8 10 12 14 16 18
Days

Fig. 3. Body weight increase of rats (n = 10) during exposure and post-exposure period.
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Table 1
Coefficients of major organs in rats (n = 10) intraarticular injected TiO, nanoparticles
at 7 days post-exposure.

Groups Heart (mg/g) Liver (mg/g) Spleen (mg/g) Lung (mg/g) Kidney (mg/g)

Control 3.80+034 34.62+3.67 2.34+034 436+059 8.02+0.47
Low 3.83+020 31964184 2.57+0.34 518149 7.97+0.45
Middle 3.954+044 3221+2.08 3.09+0.51*" 4.71+118 8.38+0.58

High 4.06+055 32.89+2.85 2.63+0.60 579-+£214* 8.44+0.26%"

*p < 0.05 significant difference comparing with the control group.
*p < 0.05 significant difference comparing with the low group.

both in the middle and high groups (p > 0.05), and the significant
difference was detected comparing with the low group (p < 0.05).

The levels of BUN and Cr in the middle group, comparing with
the control, were significantly decreased. In the rats exposed to
high n-TiO,, the downregulated BUN level and significantly
decreased Cr content were detected. In addition, the fasting serum
glucose was decreased in all exposed rats.

3.4. Pathological changes in tissues

At 7 days post-exposure to n-TiO particles, the heart, lung, liver,
spleen, kidneys, especially knee joint and synovium tissues were
excised out and processed for pathological examination. To our
surprise, the heart and lung were injured after intraarticular
injection n-TiO, particles. In the heart, the dispersed and aggre-
gated brown particulates were observed in interstitial fascicle,
cytoplasm and nucleus of vascular cells of ventricular endocardium
(Fig. 4). The swollen vascular endothelial cells were also observed in
the heart. In the lung tissue, the follicular lymphoid hyperplasia
with inflammatory cells aggregated around bronchia was found in
TiO,-exposed rats (Fig. 5B-D). It is notable that in the middle and
high TiO,-exposed rats, many brown particulates deposited in the
pulmonary microvascular associating with passive lung congestion
(Fig. 5C-F). Particles phagocytosed by macrophage were observed
in the pulmonary alveoli. Inside the pulmonary alveolus, the
inflammatory cells, such as neutrophils, lymphocytes and eosino-
phils could be found (Fig. 5E-F). The thickened alveolar walls were
discovered in the lung of high TiO»-exposed rats.

In the liver, the injury was observed around the central vein and
portal area (Fig. 6). Many vacuoles around the central vein were
induced, indicating the fatty degeneration of hepatocytes. The
inflammatory responses represented as the lymphocyte clusters,
neutrophils and monocytes concentrated at portal area and the
hepatic sinusoid dilation. The injury would much more severe with
the treated dose increase. Fig. 7 shows the pathological micro-
graphs of kidneys in rats at 7 days post-exposure. In renal proximal
tubules, the deposition of proteinic liquid was observed from slight
to severe with the treated dose increase. In the spleen, no abnormal
pathological change was examined.

After sacrificing all rats, the knee joints were photographed and
shown in Fig. 8. In the control group, the surface of knee joints was
clean and smooth, whereas, the high TiO,-exposed knee joints
were coarse and covered with particles-xanthoproteic complex,
which indicated the deposition of TiO, particles. Further, the

Table 2

histopathological changes of knee joints and cartilage were exam-
ined by HE and toluidine blue staining (Figs. 9 and 10). After
exposure to different-dosed TiO,, the smooth, glistening surface
and the normal morphological structure were observed in the
articular cartilage (Fig. 9(1)). In the synovial membrane, the slightly
synovium hypertrophy and little particulate deposition were found
in the low TiOy-exposed rats. However, many brown particles
accumulated in the synovium of high TiO;-exposed rats. The
obvious inflamed synovium were induced, presenting as the
significant synovium hypertrophy, lymphocytes and plasma cells
infiltration, and fibroblast proliferation (Fig. 10).

3.5. Oxidative damage in synovium

Because of the deposition of TiO, particles in the synovium, the
biological responses were determined by assaying the antioxidative
enzymes and antioxidants in the synovium (Figs. 11 and 12). The
results showed that GSH-Px and SOD, the endogenous anti-
oxidative enzymes, in each exposed group exhibited higher activ-
ities than the control. In the low and middle groups, total GSH and
GSSG contents were not different from the control (p > 0.05), but
the GSH-Px activity was significantly increased. p <0.05 was
detected between the TiO,-exposed and control rats. In the high
TiOz-exposed group, the significantly upregulated GSH-Px, GSH
and GSSG contents were detected in the synovium (p < 0.05). These
increased biomarkers, as antioxidants in vivo, were thought of
initiating a self-immune action to counteract the over-produced
H,0; level (Fig. 11(4)).

SOD and MDA levels were used to reflect the level of oxidative
damage in tissues. In this study, SOD in the low and middle groups
exhibited significantly higher activity than the control, and the
MDA content was significantly increased (Fig. 12). However, in the
high group, their levels were not significantly different from
the control.

Based on the above results, the proinflammatory cytokines TNF-
o and IL-1B were determined in the joint lavage fluid and in the
synovium homogenate to reflect whether or not the immune
responses occurred (Fig. 13). Results showed that the contents of
TNF-a. and IL-1B in the synovium homogenate did not significantly
be influenced in the TiOz-exposed rats. In the joint lavage fluid, the
changes of TNF-a and IL-1f expression were not detected, too.

4. Discussion

In clinical, previous study reported that the number of wear
particles in tissue adjacent to total joint implants ranged from 0.85
to 141.85 x 10° particles/g dry tissue, and the diameter of wear
particles was from approximately 0.58 pm to 0.79 pum, even up to
more than 100 pm [33]. Agins et al. [32] revealed that the content of
titanium wear particles in the tissue adjacent to the prosthesis was
from 56 to 3700 pg/g dry tissue. The metallic wear particles
disseminated to the liver and spleen were less than 1 um in patients
with total hip and knee replacement [37]. Additionally, researches
have proved that a biomaterial substrate with nanometer compo-
sition was biologically preferred [1,2]. Considering the previous

Changes of biochemical parameters in serum of rats (n = 10) after intraarticular injected TiO, nanoparticles at 7 days post-exposure.

Groups CK (U/L) LDH (U/L) TBIL (umol/L) AKP (U/L) ALT (U/L) AST (U/L) AST/ALT BUN (mmol/L) Cr (umol/L)  Glucose (mmol/L)
Control 2555.1+625.7 1093.6 £290.5 1.84+0.30 235.79+5843 4640+4.99 130.2+16.8 2.82+0.31 7.23 £0.60 68.10+2.69 6.48+1.39
Low 2262.3+789.6 911.0+236.4 1.99+0.32 152.61 +£32.54* 42.67+3.54 125.6+146 2.94+0.25 6.51 +£1.10 64.11 +3.89* 6.39+0.81

Middle 2228.0+439.5 1329.0£4104" 1.72+0.19"
High 2370.1 £471.8 1332.04+296.2" 1.87+0.22

213.66 + 26.37

4170 £4.95* 151.9+30.9" 3.66+0.70*" 6.48 +0.89*
170.33 £17.66* 43.40 +3.98

61.80 £4.44* 5.31+1.30*

148.5+£304 3.4140.54"" 6.74+0.65 62.80+2.66* 5.81+0.48

*p < 0.05 significant difference comparing with the control group.
*p < 0.05 significant difference comparing with the low group.
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Fig. 4. Histopathological micrographs of heart in rats at 7 days post-exposure after intraarticular injection TiO, nanoparticles. (A) Control group (B) low group (C) middle group (D)
high group circles indicate the brown particulate deposition; arrows indicate the swollen vascular endothelial cells.

reports, in this study, we selected n-TiO, particles with 45.8 nm
diameter, 13.4 nm thickness and 7.5 nm pore size. By intraarticular
injection, TiO, nanoparticles would actually reflect wear debris
produced in arthroplasty clinically. The dose designed for the
experiment was from 0.2 to 20 mg/kg per rat every other day, which
was lower than the detected Ti particles in patients clinically. The
dose was determined to investigate the translocation and toxicity
response of TiO, nanoparticles at a lower exposure level, in order to
provide some useful information for nanocoated implants design.

4.1. Potential damage of intraarticular injected TiO, nanoparticles
on major organs

In joint cavity, the articular cartilage is avascular and alymphatic
and is innervated. The synovial membrane sieves the blood and
secretes synovial fluid, which contains hyaluronan and lubricin to
lubricate the joint surfaces. In this study, after intraarticular expo-
sure to low TiO, nanoparticles, the slight histopathological change
was examined in major organs such as heart, lung, and liver of rats.
In the middle and high TiO,-exposed rats, the severe changes were
induced representing as sediment of brown particles and infiltra-
tion of inflammatory cells, especially in the lung and heart.
Considering of no blood or lymph applied in the joint, the absorp-
tion, translocation and targets of intraarticular n-TiO, particles
would be different from traditional exposure methods [24,38-40].
By oral exposure, the liver and kidney were targeted because n-TiO;
particles were absorbed by the mesentery lymph to blood circula-
tion [40]. By intranasal instillation, the olfactory bulb and central
nervous system were the target of inhaled nanoparticles because of
the special intricate network of sensory nerve endings between the
nose and olfactory bulb [18,39]. In the synovial membrane of knee
joint, it is well known that the highly organized and fenestrated
capillaries distributed. Generally, the maximum diameter of parti-
cles that move across the synovial capillary wall is 50 nm, but in
joint disease or with the active movement of knee joint, the vascular

plasticity leads to redistribution of vascular bed and may compro-
mise its functional ability. The large polystyrene particles up to
240 nm could permeate and retain in the endothelial wall and in the
peripheral cells of synovial capillaries and then transported to other
sites [41]. DLS result, in our study, showed that the aggregated
diameter of n-TiO; in physiological solution was from 183.7 to
282.0nm and from 575.6 to 1018.9 nm. Therefore, after intra-
articular injected TiO, nanoparticles, the smaller aggregated
nanoparticles could penetrate the synovial capillaries to the venous
flow and transport to heart or lung tissues with the blood circula-
tion, while larger aggregated particles still deposited in the knee
joint. Similar results have been reported by Urban et al. [37] that the
diameter of particles disseminated to the liver and spleen was less
than 1 pm in patients. While, only a little '®®Ho-chitosan complex
(DW-166HC) was transported to lung, abdomen, and pelvis at 24 h
after intraarticular injection in patients [42]. The translocation of
nanoparticles in knee joint to other sites might be related with the
permeability of loose connective subsynovium [43] and the surface
property of particles, such as particle size and surface activity [18].
Additionally, the intraarticular n-TiO, particles also might be
drainaged by lymphatic vessels [37,43] which are numerous and
prominent in inflamed synovial tissues.

Ferin et al. [44] reported that 20 nm TiO, particles penetrated
more easily into the pulmonary interstitial space than 250 nm TiO; at
equivalent masses and produced the marked inflammatory response
in the lung. In this study, at 7 days post-exposure, we observed the
brown particulates deposited in vascular endothelial cells and in
alveolar macrophages in the histopathological observation (Figs. 4-
6). Depending on particle size and surface chemistry, TiO, nano-
particles were reported to be phagocytosed by the endothelial cells
and macrophages after injection. The phagocytosed particles prob-
ably activate both the endothelial cells and macrophages to release
some inflammatory cytokines and chemokines [45]. Moreover, when
macrophages were overloaded by nanoparticles, it is hypothesized
that the interaction between nanoparticles and epithelial cells would
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Fig. 5. Histopathological micrographs of lung in rats at 7 days post-exposure after intraarticular injection TiO, nanoparticles. (A) Control group (B) low group (C&E) middle group
(D&F) high group. Arrows indicate the follicular hyperplasia of the lymph node at trachea forks. E & F show the brown particulates deposition and particle-laden alveolar
macrophages (circles).

Fig. 6. Histopathological micrographs of liver in rats at 7 days post-exposure after intraarticular injection TiO, nanoparticles. (A) Control group (B) low group (C) middle group (D)
high group. Part (1) shows the fatty degeneration of hepatocytes around central vein; part (2) shows the infiltration of inflammatory cells in portal area.
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Fig. 7. Histopathological micrographs of kidneys in rats at 7 days post-exposure after intraarticular injection TiO, nanoparticles. (A) Control group (B) low group (C) middle group

(D) high group. The proteinic liquid deposited in renal proximal tubules.

be prolonged and lead to epithelial cell oxidative stress and secretion
of inflammatory cells. In the histopathological examination, the
neutrophils, lymphocytes, monocytes and eosinophils were also
observed, which demonstrated that the acute inflammatory reaction
was induced in the organs. This is corresponded with that of previous
studies reported [24,38]. The unique properties of nanoparticles lead
to its difficult excretion in vivo. The retention halftime of nano-
particles was 541 days for 20 nm TiO, and 117 days for 250 nm TiO,
in rat lung [46]. In the high group, the difficult clearance of nano-
particles in the lung and liver would result in the increased organ

coefficients in the high group (Table 1) and upregulated serum AST/
ALT level.

4.2. Influence of nanoparticles on knee joint

In the knee joint, the superficial synovial layer is unicellular and
consisted of synoviocytes referred to as macrophage A cells and
fibroblast-like B cells, and the deeper layers are mainly fibroblasts
with few macrophages and mast cells. The macrophage A cells
possess numerous vesicles, vacuoles and lysosomes as well as

Fig. 8. Morphology of knee joint in rats after exposure to TiO, nanoparticles at 7 days post-exposure.
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Fig. 9. Histopathological micrographs of articular cartilage (1) and knee joint (2) of rats at 7 days post-exposure after intraarticular injection TiO, nanoparticles, showing smooth
surface and normal morphological structure of articular cartilage; brown particulates deposition in the synovium tissue (Arrows). (A) Control group (B) low group (C) middle group

(D) high group. Sy: synovium; Ca: Cartilage.

pinocytotic vesicles. It is reported that the intraarticular poly-
methylmethacrylate (PMMA), Zr, Co-Cr particles were mainly
ingested by synovial fibroblasts, and induced the slightly increased
synovial thickness [47]. The special character of small size and large
surface area per mass render nanoparticles more biological activity.
Some papers reported that the phagocytosed n-TiO, by monocytes,
macrophages, embryo cells and neurons would result in the over
production of ROS (O~ and OH) [27,48,49]. In the direct pathway, the
intraarticular n-TiO; particles could induce fibroblast-like synovio-
cytes proliferation, lymphocytes and plasma cells infiltration and
synovium hypertrophy (Fig. 10). Further, in the synovium of high
TiO,-exposed group, the significantly increased GSH-Px, GSH, GSSG,
and SOD levels indicated that the oxidative damage was stimulated,
which is the fact that the self-regulation of some enzymes and
antioxidants in organisms. These antioxidative biomarkers were

initiated to antagonize free radicals produced by phagocytosis, i.e.
over production of H,0, in the high group (Fig. 12). The free radicals
can get across the cell membranes and attacks membrane phos-
pholipids, resulting in phospholipid peroxidation (MDA elevation),
which was also demonstrated in the synovium of rats by intra-
articular TiO, nanoparticles exposure. However, the histological
change of articular cartilage was not induced by the intraarticular
TiO, nanoparticles (Fig. 9). This might be related with the native
character of cartilage of no blood and lymph, which needs further
study.

The proinflammatory cytokines TNF-a, IL-1p and IL-6 secreted
by the activated macrophages, fibroblasts and neutrophils are the
molecular messengers, which have been hypothesized to influence
the tissue response to biomaterials [50]. According to the hierar-
chical oxidative stress hypothesis, the induction of antioxidative

Fig. 10. Histopathological micrographs of knee joint (1) and synovium (2) of rats at 7 days post-exposure after intraarticular injection TiO, nanoparticles, showing the brown
particulates deposition and the synovium hypertrophy. (A) Control group (B) low group (C) middle group (D) high group.
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enzymes and antioxidants is the lowest level of oxidative stress,
whereas, the proinflammatory events through the activation of
proinflammatory signaling cascades, a chronic long-lasting
systemic autoimmunity, constitute the tier-2 stage for oxidative
stress response [16,51]. From the tie-1 to tie-2 stage in the hierar-
chical oxidative stress, the induction or activation of proteins play
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a central role, e.g., TNF-a receptor 2. In the current study, the
changes of TNF-a and IL-1P secretion were not determined in the
joint lavage fluid and synovium homogenate in rat after n-TiO,
particles exposure. We primarily estimated that the proin-
flammatory signaling cascades, e.g., mitogen-activated protein
kinase (MAPK) and nuclear factor kB (NF-kB) cascade, were not
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Fig.12. Levels of SOD activity (1) and MDA content (2) in the synovium of rats (n = 7) at 7 days post-exposure after intraarticular injection TiO, nanoparticles. *p < 0.05 significantly

different from the control group; +p < 0.05 significantly different from the low group.
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enough activated or stimulated by intraarticular TiO, nanoparticles
to result in cytokines production, though the significantly increased
antioxidative enzymes and antioxidants were detected. Therefore,
research upon cytokine signaling protein needs to be evaluated
further.

5. Conclusion

In conclusion, we investigated the potential toxicological effect
of intraarticular injected TiO, nanoparticles (anatase, red blood
cells-like, purity >99.8%) on major organs and knee joints of rats at
three different concentrations. The intraarticular TiO, nano-
particles with small aggregated size could be uptaken and
disseminated to other tissues with the blood circulation. The
slightly pathological changes of heart, lung, liver and knee joint
were induced by the low-dose TiO,, and severe pathological injury
of major organs was induced in the rats after exposure to middle
and high-dose TiO;, which are consistent with the changes of
serum biochemical parameters. In the knee joint, the aggregated
large TiO, nanoparticles deposited and resulted in the synovium
hypotrophy, lymphocytes and plasma cells infiltration, and fibro-
blast proliferation. The oxidative stress (upregulated GSH-Px, GSH,
GSSG, and SOD) was activated and the lipid peroxidation was
produced in the TiO2-exposed synovium, but the proinflammatory
cytokines (TNF-o and IL-18) were not much interfered. The present
results suggested that the wear particles retained in the knee joint
have potential effects on biological function and the amounts of
nanocoating on the traditional implants for joints should be
controlled strictly.
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Figures with essential colour discrimination. Figs. 4-10 of this
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images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2009.05.008.

References

[1] Christenson EM, Anseth KS, van den Beucken L, Chan CK, Ercan B, Jansen JA,
et al. Nanobiomaterial applications in orthopedics. ] Orthop Res 2007;25(1):
11-22.

Engel E, Michiardi A, Navarro M, Lacroix D, Planell JA. Nanotechnology in

regenerative medicine: the materials side. Trends Biotechnol 2008;26(1):39-47.

[3] Sato M, Webster TJ]. Nanobiotechnology: implications for the future of nano-

technology in orthopedic applications. Expert Rev Med Dev 2004;1(1):105-14.

Streicher RM, Schmidt M, Fiorito S. Nanosurface and nanostructures in

orthopaedic implants. Nanomedicine 2007;2(6):861-74.

Giavaresi G, Ambrosiob L, Battistonc GA, Casellatoc U, Gerbasic R, Finia M, et al.

Histomorphometric, ultrastructural and microhardness evaluation of the

osseointegration of a nanostructured titanium oxide coating by metal-organic

chemical vapour deposition: an in vivo study. Biomaterials 2004;25(25):

5583-91.

Popat KC, Leoni L, Grimes CA, Desai TA. Influence of engineered titania

nanotubular surfaces on bone cells. Biomaterials 2007;28(21):3188-97.

Cui CX, Liu H, Li YC, Sun JB, Wang R, Liu S}, et al. Fabrication and biocompatibility

of nano-TiO,/titanium alloys biomaterials. Mater Lett 2005;59(24-25):3144-8.

Park J, Bauer S, von der Mark K, Schmuki P. Nanosize and vitality: TiO;

nanotube diameter directs cell fate. Nano Lett 2007;7(6):1686-91.

Webster TJ, Ergun C, Doremus RH, Siegel RW, Bizios R. Specific proteins

mediate enhanced osteoblast adhesion on nanophase ceramics. J Biomed

Mater Res 2000;51(3):475-83.

[10] Sirivisoot S, Yao C, Xiao X, Sheldon BW, Webster TJ. Greater osteoblast func-
tions on multiwalled carbon nanotubes grown from anodized nanotubular
titanium for orthopedic applications. Nanotechnology 2007;18(36):365102.

[11] Hatton A, Nevelos JE, Matthews ]B, Fisher ], Ingham E. Effects of clinically
relevant alumina ceramic wear particles on TNF-alpha production by human
peripheral blood mononuclear phagocytes. Biomaterials 2003;24(7):1193-204.

[12] Friedman RJ, Black ], Galante JO, Jacobs JJ, Skinner HB. Current concepts in
orthopaedic biomaterials and implant fixation. ] Bone Joint Surg Am 1993;75:
1086-109.

[13] Galvin AL, Tipper ]JL, Ingham E, Fischer ]. Nanometer size wear debris gener-
ated from crosslinked and non-crosslinked ultra high molecular weight
polyethylene in artificial joints. Wear 2005;259:977-83.

[14] Colvin VL. The potential environmental impact of engineered nanomaterials.
Nat Biotechnol 2003;21(10):1166-70.

[15] Donaldson K, Stone V, Tran CL, Kreyling W, Borm P. Nanotoxicology: a new
frontier in particle toxicology relevant to both the workplace and general
environment and to consumer safety. Occup Environ Med 2004;61:727-8.

[16] Nel A, Xia T, Madler L, Li N. Toxic potential of materials at the nanolevel.
Science 2006;311(5761):622-7.

[17] Nanoscience and nanotechnologies. The Royal Society & The Royal Academy of
Engineering; 2004.

[18] Oberdorster G, Oberdorster E, Oberdorster J. Nanotoxicology: an emerging
discipline evolving from studies of ultrafine particles. Environ Health Perspect
2005;113(7):823-39.

[19] Oberdérster G, Finkelstein JN, Johnston C, Gelein R, Cox C, Baggs R, et al. Acute
pulmonary effects of ultrafine particles in rats and mice. Research Report.
Health Effects Institute; 2000.

[20] Olmedo D, Guglielmotti MB, Cabrini RL. An experimental study of the
dissemination of titanium and zirconium in the body. ] Mater Sci Mater Med
2002;13(8):793-6.

2

[4

[5

[6

(7

(8

[9



4600

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

J-X. Wang et al. / Biomaterials 30 (2009) 4590-4600

Miihlfeld C, Geiser M, Kapp N, Gehr P, Rothen-Rutishauser B. Re-evaluation of
pulmonary titanium dioxide nanoparticle distribution using the “relative
deposition index”: evidence for clearance through microvasculature. Part
Fibre Toxicol 2007;4:7.

Berry JP, Arnoux B, Stanislas G, Galle P, Chretien J. A microanalytic study of
particles transport across the alveoli: role of blood platelets. Biomedicine
1977;17(9-10):354-7.

Nemmar A, Vanbilloen H, Hoylaerts MP, Hoet PHM, Verbruggen A, Nemery B.
Passage of intratracheally instilled ultrafine particles from the lung into the
systemic circulation in hamster. Am ] Respir Crit Care Med 2001;164:1665-8.
Wang J, Zhou G, Chen C, Yu H, Wang T, Ma Y, et al. Acute toxicity and bio-
distribution of different sized titanium dioxide particles in mice after oral
administration. Toxicol Lett 2007;168(2):176-85.

Rahman Q, Lohani M, Dopp E, Pemsel H, Jonas L, Weiss DG, et al. Evidence that
ultrafine titanium dioxide induces micronuclei and apoptosis in Syrian
hamster embryo fibroblasts. Environ Health Perspect 2002;110(8):797-800.
Wang JJ, Sanderson BJ], Wang H. Cyto- and genotoxicity of ultrafine TiO;
particles in cultured human lymphoblastoid cells. Mutat Res 2007;628(2):
99-106.

Long TC, Tajuba J, Sama P, Saleh N, Swartz C, Parker ], et al. Nanosize titanium
dioxide stimulates reactive oxygen species in brain microglia and damages
neurons in vitro. Environ Health Perspect 2007;115(11):1631-7.

Wang ML, Tuli R, Manner PA, Sharkey PF, Hall DJ, Tuan RS. Direct and indirect
induction of apoptosis in human mesenchymal stem cells in response to
titanium particles. ] Orthop Res 2003;21(4):697-707.

Vamanu Cl, Cimpan MR, Hol PJ, Sornes S, Lie SA, Gjerdet NR. Induction of cell
death by TiO, nanoparticles: studies on a human monoblastoid cell line.
Toxicol In Vitro 2008;22(7):1689-96.

Maloney WJ, Smith RL, Castro F, Schurman DJ. Fibroblast response to metallic
debris in vitro. Enzyme induction cell proliferation, and toxicity. ] Bone Joint
Surg Am 1993;75(6):835-44.

Butoescu N, Seemayer CA, Foti M, Jordan O, Doelker E. Dexamethasone-con-
taining PLGA superparamagnetic microparticles as carriers for the local
treatment of arthritis. Biomaterials 2009;30(9):1772-80.

Agins HJ, Alcock NW, Bansal M, Salvati EA, Wilson PD, Pellicci PM, et al.
Metallic wear in failed titanium-alloy total hip replacements histological and
quantitative analysis. ] Bone Joint Surg Am 1988;70A:347-56.

Margevicius KJ, Bauer TW, McMahon JT, Brown SA, Merritt K. Isolation and
characterization of debris in membranes around total joint prosetheses. ] Bone
Joint Surg Am 1994;76:1664-75.

Wang ], Chen C, Li B, Yu H, Zhao Y, Sun J, et al. Antioxidative function and
biodistribution of [Gd@C82(0OH)22]n nanoparticles in tumor-bearing mice.
Biochem Pharmacol 2006;71(6):872-81.

Goth L. A simple method for determination of serum catalase activity and
revision of reference range. Clin Chim Acta 1991;196:143-51.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

Bradford MM. A rapid and sensitive method for the quantization of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Bio-
chem 1976;72:248-54.

Urban RM, Jacobs JJ, Tomlinson M]J, Gavrilovic ], Black ], Peoc’h M. Dissemi-
nation of wear particles to the liver, spleen, and abdominal lymph nodes of
patients with hip or knee replacement. ] Bone Joint Surg Am 2000;82(4):457.
Wang JX, Li YF, Li W, Chen CY, Li B, Zhao YL. Biological effect of intranasally
instilled titanium dioxide nanoparticles on female mice. NANO 2008;
3(4):1-7.

Wang J, Liu Y, Jiao F, Lao F, Li W, Gu Y, et al. Time-dependent translocation and
potential impairment on central nervous system by intranasally instilled TiO,
nanoparticles. Toxicology 2008;254(1-2):82-90.

Jani PU, McCarthy DE, Florence AT. Titanium dioxide (rutile) particle uptake
from the rat GI tract and translocation to systemic organs after oral admin-
istration. Int J Pharm 1994;105:157-68.

Sakuma E, Wada I, Mabuchi Y, Sugimura I, Yanagisono T, Yamada E, et al.
Postnatal development of synovial capillaries of rats with special reference to
permeability. Kaibogaku Zasshi 2000;75(5):407-11.

Song ], Suh CH, Park YB, Lee SH, Yoo NC, Lee JD, et al. A phase I/lla study on
intra-articular injection of holmium-166-chitosan complex for the treatment
of knee synovitis of rheumatoid arthritis. Eur ] Nucl Med 2001;28(4):489-97.
Levick JR. Contributions of the lymphatic and microvascular systems to fluid
absorption from the synovial cavity of the rabbit knee. ] Physiol 1980;
306(1):445-61.

Ferin ], Oberdorster G, Penney DP. Pulmonary retention of ultrafine and fine
particles in rats. Am ] Respir Cell Mol Biol 1992;6(5):535-42.

Donaldson K, Li XY, MacNee W. Ultrafine (nanometer) particle mediated lung
injury. ] Aerosol Sci 1998;29(5/6):553-60.

Oberdorster G, Ferin ], Lehnert BE. Correlation between particle size in vivo
particle persistence and lung injury. Environ Health Perspect 1994;102(Suppl.
5):173-9.

Van Der Vis HM, Marti RK, Tigchelaar W, Schuller HM, Van Noorden CJF.
Benign cellular responses in rats to different wear particles in intra-articular
and intramedullary environments. ] Bone Joint Surg Br 1997;79B(5):837-43.

Wang ], Chen C, Liu Y, Jiao F, Li W, Lao F, et al. Potential neurological lesion
after nasal instillation of TiO, nanoparticles in the anatase and rutile crystal
phases. Toxicol Lett 2008;183(1-3):72-80.

Miller TJ, Knapton A, Adeyemo O, Noory LS, Weaver JL, Hanig JP, et al. Toxi-
cology of titanium dioxide (TiO) nanoparticles: in vitro and in vivo evaluation
of macrophage uptake of TiO,. FASEB ] 2007;21(6):A812.

Schutte R], Xie LL, Klitzman B, Reichert WM. In vivo cytokine-associated
responses to biomaterials. Biomaterials 2009;30(2):160-8.

Xiao GG, Wang MY, Li N, Loo JA, Nel AE. Use of proteomics to demonstrate
a hierarchical oxidative stress response to diesel exhaust particle chemicals in
a macrophage cell line. ] Biol Chem 2003;278(50):50781-90.





































































Wang, Jiangxue




































































































































































































































































































































£10T =unf Ut panssj
Ansiaaun) amyn) pue a3engue] Suiliag
Surures] aunyredap-a14 105 juswnreda( a2yl Jo uea(g

%

:2Injeudig

"$9102s A10j0BJSTIES IIM S1S9) parmbai o) passed
Sey pue ‘¢z dunf 0} ¢[(T YoIe\ WOl ‘UoneInpy
Jo AnswIy Syl M pajerjyge ‘NOTd weunredsq
Sururel] amuedsp-ald 9y} e weigold IJururel]
USHSUg padueApy 2yl )00} ‘RL61 ‘L] 99(] UO uIoq
‘ANXONVIL ONVM SN 1By} paynIa0 £ga1ay st ]

AVOHEY AULLS OL DONIOD SHYTOHIS GIHOSNOdS-LNANWNYIAOD HOA

ALVOIALLAHO

LGEI0ET & MgelTn

[ ElEAERE=N. o=
[, susUYHBEF

MEER WSEW VYT %
HGER AR UYUYEREREYERY
Wi 9 10T EH € F 10T+ “FH
B LT HTT 35 8L61 ‘¥ ‘EMFUE

o I8 53
SN R T & B A sl EL 0






8G€1002002210008 &gt
H H > F >y00=

mw Cw .¥§§§.¢E o a% m m___ .N..l‘._‘ % “_H W_
TH ew 48 XN (HE
TEERHYVEH) ¥ “BOE

WS URMzaRNTRTIN
BRR (14 HE ""zaie
sxuns £ HHF+

= il

N

w.ﬁw FETFE







