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Abstract. Aseptic loosening of artificial joints is the leading 
cause of failure for patients who receive total joint arthro-
plasty. Prior reports indicate that bone marrow mesenchymal 
stem cells (BSMC) are critical in the stabilization of implanted 
artificial joints, and that deregulated interaction between 
BMSCs and artificial joint derived particles is a risk factor for 
aseptic loosening with an unknown mechanism. In the present 
study, the pathomechanisms whereby titanium and its alloy 
derived particles facilitate aseptic loosing were investigated 
in vitro. It was demonstrated that nano‑sized titanium alloy 
particles significantly inhibited the proliferation of BMSCs in 
a time and concentration dependent manner. Furthermore, it 
was demonstrated that the particles promoted the apoptosis of 
BMSCs in the same manner. Bax and Caspase‑3 expression 
of BMSCs were elevated when cultured with the particles. As 
BMSCs exhibit a critical role in the stabilization of artificial 
joints, the results of the present study may provide a novel 
direction for the management of aseptic loosening in clinics.

Introduction

Since total joint arthroplasty was applied in the clinics, it had 
improved the life qualities for patients who suffered osteo-
arthritis and rheumatoid arthritis all through the world (1). 
However, with the time passed by, patients who had received 
total joint arthroplasty were increasing, and its complications 
were now drawing more and more attentions (2). Aseptic loos-
ening of the implanted artificial joint was stated to be the most 
common complication of total joint arthroplasty, and it was also 
reported to be the leading cause of failures for those received 
total joint arthroplasty (3). Recently, great advancements had 

been made toward the pathogenesis of aseptic loosening; 
but few had been transformed to serve the patients in the 
clinics (4). Hence, it is of great urgency to identify the cellular 
and molecular mechanisms whereby aseptic loosening occurs 
so as to reveal novel targets against the complication.

In the clinical settings, titanium and its alloys were 
the preferred material for medical implants dues to the 
properties of high strength and ductility, good corrosion 
resistance, biological compatibility and long fatigue life (5). 
As with other stainless steel and cobalt‑chromium alloy 
implants, titanium‑alloy implants also produce high levels of 
particles (6), which function extensively in aseptic loosening 
of the implants (4,7,8). These particles, on the one hand, 
shatter around the artificial joints, and been swallowed by the 
nearby cells, such as fibroblasts, osteoblasts, macrophages and 
foreign body giant cells leading to their over‑activation and 
cytokines secretion. These factors then function alone and/or 
in combination to promote aseptic osteolysis as well as aseptic 
loosening, and finally the failure of total joint arthroplasty 
replacement (9-11). On the other hand, these particles also 
interact with cells in the bone marrow once they permeated 
through the interfacial pathway between the prosthesis and 
marrow cavity (12,13), which was also said to affect aseptic 
loosening of the artificial joints.

Bone marrow mesenchymal stem cell (BMSC) is one of 
the most common adult stem cells within the bone marrow and 
they were characterized by the capacities of self‑renewal and 
differentiation (14). Previously, line of reports indicated that 
BMSC function to facilitate the stabilization of the implanted 
artificial joints. For instance, Neale SD and colleagues 
demonstrated that BMSC could enhance the osseointegration 
of the peri‑prosthetic bone after total hip arthroplasty (15). 
Besides, some other groups reported that BMSC are incline 
to differentiate into osteogenic cells (16), which were capable 
of stabilizing of the artificial joints. Taken together, we boldly 
concluded that deregulated BMSC was a risk factor for aseptic 
loosening of the artificial joint. However, there were still much 
to know whether titanium and its alloys derived particles 
facilitate aseptic loosening of the artificial joint via affecting 
the proliferation and apoptosis of BMSC.

In the present study, the pathomechanisms whereby the 
titanium‑alloys particles contribute to aseptic loosing of arti-
ficial joints were investigated. We found that titanium‑alloy 
implants derived particles significantly inhibit BMSC 
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proliferation, and that the particles significantly increased 
the apoptosis of BMSC. Since BMSC plays a critical role in 
the stabilization of artificial joints, our study might provide 
a novel direction for the management of aseptic loosening in 
the clinics.

Materials and methods

Particle preparation. Briefly, 20 mg Ti‑alloy particles 
(Polysciences, Inc., Warrington, PA, USA) were weighed 
by electronic microbalance and soaked by 70% alcohol 
for 48 h at room temperature. The particles were rinsed by 
phosphate buffer saline (PBS; Invitrogen; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) for 3 times and steril-
ized with epoxyethane gas. Then, they were autoclaved and 
suspended in Dulbecco's PBS (D‑PBS; Invitrogen; Thermo 
Fisher Scientific, Inc.) so as to make stock solution. The final 
concentration 0.01, 0.05 and 0.1 mg/ml of the particles could 
be obtained when the stock solution was diluted with 20, 4 
and 2 times respectively. All the steps were carried out in 
thoroughly clean, heat‑sterilized glassware. The characteriza-
tion of the particles was conducted under the microscope after 
their preparation. The ethic committees of the First Affiliated 
Hospital Of Nanjing Medical University approved our study. 
We also obtained approval from the animal ethics committees 
of our hospital.

BMSCs collection and primary culture. Femur and tibia of 
Japanese rabbits weighed 2 kg were used for the isolation and 
induction of BMSCs. The femurs and tibias were isolated under 
sterile condition, a needle was inserted into the bone, and the 
primary cells were aspirated, followed by flushing the bone 
using a 1 ml syringe filled with culture medium. The cells were 
immersed in low glucose Dulbecco's modified Eagle's medium 
(DMEM; Hyclone; GE Healthcare Life Sciences, Logan, UT, 
USA) supplemented with 2 mmol/l‑glutamine (Gibco; Thermo 
Fisher Scientific, Inc.) and 100‑ug/ml‑penicillin streptomycin 
(Tianjin Pharmaceutical Group Co., Ltd., Tianjin, China). 
The cell suspension was subjected to separation using Fercoll 
solution as described previously. The cotton‑like cells at the 
interface were collected and rinsed in L‑DMEM containing 
10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, 
Inc.). Cells were resuspended in complete medium (90% 
L‑DMEM, 10% FBS, 100 µ/ml penicillin and streptomycin) 
and transferred to plastic culture flask for incubation at 37˚C in 
a humidified atmosphere of 95% air and 5% CO2. Cells from 
the third generations were used for experimental purposes and 
were detached using trypsin for the subsequent experiments.

Flow cytometry (FCM) assay. FCM assay was used to confirm 
the phenotype of the induced BMSC from the third generation. 
The protocol had been described previously (17). The antibodies 
used in the assay were listed: Anti‑rabbit CD34/CD90/CD105 
(1:100; BD Biosciences, Franklin Lakes, NJ, USA).

Cell Counting Kit‑8 (CCK8) assay. BMSC proliferation was 
determined using a CCK8 (Dojindo, Kumamoto, Japan) as 
described (18). BMSC were seeded in 96‑well plates, serum 
starved and treated with the particles. At the end of the incu-
bation, CCK8 solution was added for 4 h and the absorbance 

at 450 nm was measured with a micro plate reader (Sunrise; 
Tecan Group Ltd., Männedorf, Switzerland).

FCM assays. BMSCs cells were cultured in 6 well plates 
(Costar, Cambridge, MA, USA) at a density of 5x105/per 
well. After that, they were exposed to isoquercitrin for 24 h 
followed by 200 mol/l H2O2 for 4 h. Next, the cells were stained 
with Hoechst 33342 solution at 37˚C for 10 mins in dark, 
followed by staining with PI at 25˚C for 15 mins in dark. The 
stained cells were observed under a fluorescence microscope 
(BD Biosciences). Cells were counted using the Image pro‑plus 
(version 6.0.0; Media Cybernetics, Rockville, MD, USA).

RNA isolation and RT‑PCR assay. Total RNA was isolated 
from the cultured cells using RNA extraction kit (Takara Bio, 
Inc., Otsu, Japan) according to the manufacturer's instruc-
tions. Reverse transcription and RT‑qPCR kits (Takara Bio, 
Inc.) were used to evaluate expression of Bax and Caspase‑3. 
GAPDH was used to normalize for variance. The PCR Primers 
pairs used for each genes were: GAPDH, forward, 5'‑CCC 
CGC TAC TCC TCC TCC TAA G‑3', reverse, 5'‑TCC ACG ACC 
AGT TGT CCA TTC C‑3'; Bax, forward 5'‑CCG GGC GAA 
CAG GGT ACG AC‑3', reverse 5'‑CGC GTG AAA GGG CGT 
CAG GT‑3'; Caspase‑3, forward 5'‑ACG AAA CCT CCG TGG 
ACG CAA ‑3', reverse 5'‑CTC TGT GCC TCG GCA AGC CT‑3'. 
Relative mRNA expression of each gene was calculated with 
the comparative threshold cycle (Cq) (2-ΔΔCq) method.

Western blot analysis. In Brief, cells were washed three times 
with cold PBS and lysed on ice in RIPA buffer with the protease 
inhibitor PMSF (Beyotime Institute of Biotechnology, Haimen, 
China). Protein concentrations were determined by BCA assay 
(Beyotime Institute of Biotechnology). A total of 20 µg protein 
was separated by 10% SDS‑PAGE and electro‑blotted onto 
NC membranes using a semi‑dry blotting apparatus. After 
blocking in 3% bovine serum albumin (BSA), the membranes 
were incubated with primary antibodies overnight at 4˚C. 
The membranes were washed and incubated with secondary 
antibodies for 1 h at 25˚C on a shaker. The protein bands were 
visualized using a commercially available enhanced chemilu-
minesence kit (Thermo Fisher Scientific, Inc.). GAPDH and 
β‑Actin were used as control. The primary antibodies used in 
this study include Caspase‑2, Bax, β‑Actin and GAPDH (Cell 
Signaling Technology, Inc., Danvers, MA, USA). The quantita-
tion of the blots using image J as described previously (19).

Statistical analysis. Data are presented as mean ± standard 
deviation. Values and percentages between groups were 
compared using ANOVAs followed by appropriate post hoc 
tests. All statistical analysis was performed with SPSS statis-
tical software (version 21.0; SPSS, Inc., Chicago, IL, USA). 
All statistics were two‑sided, and P<0.05 was considered to 
indicate a statistically significant difference.

Results

The preparation of titanium alloy particles and BMSC. 
To begin with, we prepared the Titanium alloy particles as 
instructed. As shown in Fig. 1, 90% of the particles were 
ball in shape with a diameter of less than 100 nm (Fig. 1A). 
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Meanwhile, BMSC were also prepared accordingly. We 
found that the primary BMSC (Fig. 1B) adhered within 36 h. 
After grown for 12 days, they were subjected to passage. 
Generally, cells from the first generation adhered within 
24 h, and they were ribbed in shape (Fig. 1C). Cells from 
the second and third generation were uniformly and orderly 
arranged (Fig. 1D and E). Cells from the third generation 
were subjected to FCM inspections so as to examine their 
phenotypes. We found that the CD90, CD105 and CD34 posi-
tive cell rate were 99.5, 99.9 and 2.0% (Fig. 1F‑H), which 
suggested that these cells were suitable for the subsequent 
experiments.

Morphology change of BMSC when cultured with 
titanium‑alloy particles. We then investigated the effects of 
Nano‑sized titanium‑alloy particles on BMSC. Initially, the 
morphology changes of BMSC were observed. As we see, 
the cells exhibited no obvious change within 6 h compared 
to the normal control (Fig. 2). However, with time passed by, 
the treated cells become smaller in shape with the cytoplasm 
and unclear concentrated at 72 h (Fig. 2). In addition, we also 
observed shattered apoptosis body within the cells when they 
were cultured with the particles for 72 h (Fig. 2).

Cell proliferation of BMSC when co‑cultured with 
titanium‑alloy particles. Then, we investigated the prolifera-
tion of BMSC when they were cultured with the particles. As 
shown in Fig. 3A, we observed that the proliferation of BMSC 
decreased significantly (P=0.035) when they were cultured 
with low concentration particles (0.01 mg/ml). Of note, with 
the concentration grows, BMSC proliferation decreased. 
Statistically, our data showed that the particles inhibit the 
proliferation of BMSC in a manner dependent on the concen-
tration (Fig. 3A). Meanwhile, we also examined whether 
co‑culture time affects the proliferation of BMSCs. We found 
that the particles inhibit BMSCs proliferation in a manner 
dependent on culture time (Fig. 3B).

The apoptosis of BMSCs when co‑cultured with titanium‑alloy 
particles. Furthermore, we examined whether the particles facil-
itate the apoptosis of BMSC using co‑culture strategy. We found 
under the microscope that low‑density particles (0.01 mg/ml) 
had a slight effect on BMSC apoptosis (1.97%). However, with 
the concentration grows, their effect on BMSC apoptosis become 
more and more evident, exhibiting a concentration‑dependent 
manner (Fig. 4A). Consistently, we observed that these particles 
confer the apoptosis of BMSC in a time‑dependent manner 
(Fig. 4A). Correspondingly, FCM inspection also showed that 
the particles facilitate BMSC apoptosis in a manner dependent 
on time and concentrations (Fig. 4B).

Figure 1. Preparation of Ti‑alloy particles and BMSC. (A) Microscopic inspection showed that Ti‑alloy particles were ball in shape with a diameter of less than 
100 nm, the red arrow pointed was Ti‑alloy particle under the microscope; (B‑E) Microscopic inspection of (B) primary BMSC, (C) the first, (D) the second 
and (E) the third generation of BMSC; (F‑H) flow cytometry assay used to confirm the phenotype of the isolated cells based on their specific cell surface 
markers, such as (F) CD90, (G) CD105 and (H) CD34. BSMC, bone marrow mesenchymal stem cells.

Figure 2. Microscopic inspection toward bone marrow mesenchymal stem 
cell morphology when they were cultured with Ti‑alloy particles at different 
time (6 and 72 h).
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To further confirm the role of titanium‑alloy particles on 
apoptosis of BMSC, we analyzed specific apoptosis markers 
of the particles treated‑cells using RT‑PCR. We found that 
both Bax and Caspase‑3 elevated in a time and concentration 
manner (Fig. 5A‑D). Consistently, we also revealed that Bax and 
Caspase‑3 expression decreased in protein level in a manner 
dependent on time and concentration (Fig. 5E and F). Taken 
together, our data suggested that Nano‑sized titanium‑alloy 
particles could facilitate the apoptosis of BMSC.

Discussion

It is widely accepted that postoperative aseptic loosening of 
the artificial joints was one of the most common complica-
tions for patients who received the management (7). Recent 
advancements had indicated that crosstalk between artificial 
joints derived particles and BMSC involve extensively in the 
process (20,21), suggesting that deregulated BMSC was a risk 
factor for aseptic loosening of the artificial joints. In the present 
study, we proposed that titanium‑alloy particles that permeated 
into the bone marrow significantly inhibit the proliferation and 
promote the apoptosis of BMSC, which were critical in the stabi-
lization of implanted artificial joints (Fig. 6). Taken together, 

our data revealed a novel mechanism whereby titanium‑alloy 
implants derived particles facilitate aseptic loosening of arti-
ficial joints, suggesting that blocking titanium‑alloy particles 
permeating into the bone marrow might be a novel direction to 
avoid septic loosening of artificial joints.

In general, the stabilization of newly implanted artificial 
joints was a complex process with the involvement of osteo-
blasts, osteoclasts as well as some side cells (21,22). These 
cells function synergistically to promote the stabilization of 
the artificial joints via cytokines and chemokine secretion. It is 
reasonable that deregulated functions of these cells were risky 
for the stabilization of artificial joints. In the clinics, revealing 
the dysfunctions of BMSC after implants replacement was 
becoming a hotpot. For one thing, the artificial joints‑derived 
particles had been well stated to involve in septic loosening. 
For instance, Yao et al found that titanium derived particles 
significantly suppress the osteogenic function of osteoblast‑like 
cells (23), which then induce osteoblast apoptosis directly 
or/and indirectly (24). For another thing, mounting studies 
suggested that deregulated cells nearby the implants were 
effective in aseptic loosening. As showed by Yrjo T Konttinen 
and colleagues, macrophages together with their bioactive 
factors play a critical role in the corrosion of the implants (25). 

Figure 3. Ti‑alloy particles inhibit the proliferation of BMSCs in a manner dependent on time and concentration. (A) CCK8 assay reveal that Ti‑alloy particles 
inhibit BMSC proliferation in a time dependent manner; (B) CCK8 assay reveal that Ti‑alloy particles inhibit BMSC proliferation in a concentration dependent 
manner. *P<0.05 and ***P<0.001. BSMC, bone marrow mesenchymal stem cell. CCK8, Cell Counting Kit‑8.

Figure 4. Ti‑alloy particles enhance the apoptosis of BMSCs in a manner dependent on time and concentration. (A) Flow cytometry inspection reveals 
that Ti‑alloy particles promote BMSC apoptosis in a time and concentration‑dependent manner (the upper left quadrant was the total collected cells for 
TCM assay, the lower left and right quadrants indicated the apoptosis rate of BMSC at the early/late stage, their product was the total apoptosis rate of 
BMSCs). (B) Statistical analysis suggested that with the particles concentration grows, its role in promoting BMSCs apoptosis was becoming more and more 
prominent. In addition, with the co‑culture time grows, the role of the particles in promoting BMSCs apoptosis was also becoming increasingly prominent. 
(C) Immunofluorescence staining assay revealed that Ti‑alloy particles promote BMSC apoptosis in a time and concentration dependent manner. *P<0.05; 
**P<0.01, and ***P<0.001. BSMC, bone marrow mesenchymal stem cell.
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Our study added the wealth knowledge, which showed that tita-
nium particles facilitate aseptic loosening of the artificial joints 
by promoting apoptosis and inhibiting proliferation of BMSC. 
Our data shared a lot in common with the previous studies. For 
instance, Hou and colleagues also showed that Ti‑alloy particles 
were effective in decreasing the proliferation of BMSC (26). 
However, there were also huge differences between the two 
studies. At first, the study by Hou learned the effect of Ti‑alloy 

particles on BMSC on three levels (14, 108 and 196 nm), while 
our study only focused on particles particle with the diameter 
of 100 nm. Secondly, they investigated the role of particles on 
the adhesion, migration and differentiation of BMSC, while we 
focused on the proliferation and apoptosis of BMSC. Thirdly, 
we showed that the particles facilitate the proliferation and 
apoptosis of BMSC by decreasing proliferation and elevating 
apoptosis related factors. Despite these differences, both studies 

Figure 5. Ti‑alloy particles up regulate Caspase‑3 and Bax expression of BMSCs in a manner dependent on time and concentration. (A and B) RT‑PCR showed 
that Caspase‑3 expression of BMSC was upregulated in a time and dependent concentration manner when cultured with Ti‑alloy particles. (C and D) RT‑PCR 
showed that Bax expression of BMSC was upregulated in a time and dependent concentration manner when cultured with Ti‑alloy particles. (E and F) Western 
blot assay revealed that Ti‑alloy particles promote Caspase‑3 expression in time dependent manner in protein levels. (G and H) Western blot assay revealed 
that Ti‑alloy particles promote Bax expression in a concentration dependent manner in protein levels. Relative densities are presented as mean 6 SE (n=3) of 
the fold‑change relative to the internal control. GAPDH was used as an internal control for protein loading. *P<0.05; **P<0.01, and ***P<0.001. BSMC, bone 
marrow mesenchymal stem cell.

Figure 6. The schematic picture that depicts the overview of the article. As depicted, the artificial implants derived particles could permeate into the bone 
marrow. Then, the filtrated particles inhibit the proliferation and promote the apoptosis of BMSC, a critical component that involve in the stabilization of the 
implants. BSMC, bone marrow mesenchymal stem cell.
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all concluded that the particle was a risk factor for dysregulated 
BMSC in vitro.

To be honest, there were also limitations of our study. For 
one thing, we give no clarifications on how the particles influ-
ence BMSC proliferation and apoptosis. Systematical literature 
review suggested that BMSCs usually differentiate into osteo-
blasts, which function as effector cells in the stabilization of 
artificial joint (27). These data provided the basis for our study 
as they pointed the critical role of BMSC in the stabilization of 
artificial joints. Meanwhile, other reports indicated that silicon 
ions decreased the proliferation of BMSC with the involve-
ment of WNT and SHH signaling pathways (28). These studies 
indicated that PI3K/Akt, ERK1/2 and WNT signaling might 
also involve in particles resultant abnormal proliferation and 
apoptosis of BMSC. For another thing, our data was based on 
in vitro studies, and cells used in the study were from rabbits. 
We could not tell whether the particles affect human BMSC 
proliferation and apoptosis in the same manner. Meanwhile, 
the exact particle concentration within individuals for who 
received implants is not known, and these results will need to 
be validated in vivo as our study also did not tell whether the 
particles function similarly to the implant‑derived particles.

In conclusion, we showed in our study that Nano‑sized 
titanium particles suppress the proliferation of BMSCs in a 
manner dependent on time and concentration, and that the 
particles could promote BMSC apoptosis in the same manner. 
Since BMSCs plays a positive role in the stabilization of arti-
ficial joints, further studies are urgently needed in the near 
further to reveal the detailed crosstalk between the particles 
and BMSC so as to provide novel targets for aseptic loosening 
in the clinics.
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