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Abstract It is generally accepted that periprosthetic

bone resorption is initiated through aseptic inflammation

aggravated by wear particles that are generated from artifi-

cial joint. However, some studies have demonstrated that

‘‘endotoxin-free’’ wear particles are almost completely

unable to stimulate the macrophage-mediated production of

proinflammatory cytokines. Here, we compare the titanium

particles with different methods of endotoxin removal. The

results indicated that different titanium particle preparation

dosages did not significantly change particle size, morphol-

ogy, and chemical composition. But it could cause variations

in the endotoxin concentration of titanium particles and

inflammatory responses in RAW264.7 macrophages. The

particles with higher endotoxin levels correlated with more

extensive inflammatory responses. When testing endotoxins

using the supernatant of particle suspensions, it would lead to

false negative results compared with testing the particle

themselves. And when using the particles themselves, all the

particles should be removed by centrifugation to avoid par-

ticle interference before the absorbance value was deter-

mined. Therefore, we suggest that research concerning wear

particles should completely describe the endotoxin testing

process, including endotoxin removal from particles and the

details of endotoxin testing. Moreover, future research

should focus on the surface of wear particles (the potential

role of adherent endotoxin) rather than the particles

themselves.

1 Introduction

Total joint replacement has been a major success in surgery

in terms of relieving pain and correcting deformities in

patients with various joint diseases. However, aseptic

loosening of prostheses remains a major problem for many

patients. Because aseptic loosening is the result of implant-

derived wear particles, it is commonly referred to as the

‘particle disease’ [1, 2]. However, research is conflicting

concerning the detailed mechanisms involved in the gen-

eration of wear particles and the osteolytic response.

Although the exact mechanism underlying the patho-

genesis of wear particles has yet to be elucidated, it is

generally accepted that periprosthetic bone resorption is

initiated by aseptic inflammation as a consequence of

debris generated from the continuous wear, abrasion, or

corrosion of implant components [3]. Fundamental to this

process is the activation of the macrophages that produce

pro-inflammatory cytokines, such as TNF-a, IL-1b, and

IL-6, which recruit more cells (macrophages, osteoblasts,

giant cells, and fibroblasts) that produce more cytokines

and chemokines. However, in other studies, particles

incubated with lipopolysaccharide (LPS, i.e., endotoxin)

have been clearly demonstrated to elicit a strong inflam-

matory response from macrophages [4–7], while the

‘‘endotoxin-free’’ wear particles were almost completely

unable to stimulate cytokine production by macrophages

[4–6]. In addition, other studies have suggested a signifi-

cant role for endotoxins in the induction of aseptic loos-

ening [8, 9]. These data suggest that the endotoxins play an

important role in the production of wear particles and the

subsequent osteolysis around the arthroplasty.

Endotoxins are LPS derived from the cell membrane of

Gram-negative bacteria. Bacteria can grow in nutrient poor

environments, such as water, saline, and buffers, and thus,
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endotoxins are found almost everywhere. Moreover,

endotoxins are highly heat stable and are not destroyed

under regular sterilizing conditions which are usually used

to clean joint implants and surgical instruments. However,

endotoxins can be inactivated when exposed to tempera-

tures of 250�C for more than 30 min or 180�C for more

than 3 h. In addition, acids or alkaline solutions of at least

0.1 M can be used to destroy endotoxins in laboratories

[10]. Previously, we reviewed the research concerning

particle disease published since 2000. We found that many

papers did not include detailed descriptions of sample

preparation and endotoxin testing. In fact, some papers

contain no specific methods for the removal of endotoxins

from particles. Instead, these studies describe the use of

0.1 lm polycarbonate filter membranes [11–13], ethanol

[14–17], autoclaving [14], UV light [14], gamma irradia-

tion [18, 19] or sterilization without including detailed

descriptions [20, 21]. However, these methods do not

remove most of the endotoxins from particles. Similarly,

there were few papers that detailed the endotoxin testing

process. Many papers only state that after the samples

preparation, the samples in the study are free of endotoxin

under the endotoxin testing.

This paper focuses on methods that can be used for the

removal of endotoxins from wear particles. It is important

that to ensure that experimental results exclusively reflect

the effects of wear particles rather than endotoxins. Thus,

the aim of this paper is to determine effective methods for

the removal of endotoxins from wear particles in research.

2 Materials and methods

2.1 Reagents

All mouse-specific ELISA kits were purchased from R&D

Industries (Minneapolis, MN, USA). A commercial endo-

toxin detection kit (Chromogenic endpoint LAL with a

Diazo coupling kit) was purchased from the Xiamen

Houshiji Company, Fujian, China.

2.2 Titanium particle preparation

Commercial pure titanium (Ti) particles were purchased

from Johnson Matthey (Catalog #00681; Ward Hill, MA,

USA). It was demonstrated that such particles are similar to

the wear particles retrieved from periprosthetic tissues.

There were three groups in this assay: (1) In the high

temperature group, the particles were sterilized by baking

at 180�C for 6 h, followed by treatment with 70% ethanol

for 48 h to remove the endotoxins [10]; (2) In the reference

group [22], the first passivation was completed in 25%

nitric acid at room temperature for 18–20 h. An additional

incubation was conducted in a mixture of 0.1 N NaOH and

95% ethanol at 30�C for another 18–20 h. Subsequently,

the particles were exposed to five cycles of alternating

treatments with the two solutions. Between each treatment,

the particles were washed five times with endotoxin-free

water; and (3) 70% ethanol for 48 h. The Ti suspensions

were sonicated for 30 min using a SB3200 Ultrasonic

Generator (Shanghai Branson Ultrasonics Co. Ltd.,

Shanghai, China) prior to incubation with the cells. The

concentration of the particles used for cell incubation was

0.1 mg/ml. It has been demonstrated that such particles are

similar to the wear particles that have been retrieved from

periprosthetic tissues [23, 24].

2.3 Particle morphology, chemical composition,

and size determination

Because the size, morphology and chemical composition of

the particles might affect the biological reaction with

macrophages [25, 26] and other cells[27–29], we examined

the size, morphology and chemical composition of the

titanium particles after different endotoxin removal treat-

ments. The surface morphology and chemical composition

of the samples were investigated using a scanning electron

microscope (SEM) equipped with energy-dispersive X-ray

analysis (Instrumental Analysis Center of Shanghai Jiao-

tong University). The particle size distribution was deter-

mined by SICAS-4800 Photo-Sedimentometry (Shanghai

Institute of Ceramics, Chinese Academy of Sciences). Prior

to this analysis, ultrasonic wave dispersion was used for all

samples.

2.4 Quantitative evaluation of endotoxin contamination

in wear particles by limulus amebocyte lysate

(LAL)-based assays

This assay was performed as recommended by the manu-

facturer LAL Assay Kit (detection limit = 0.01 endotoxin

units/ml; Xiamen Houshiji, Fujian, China) with a standard

curve of 0.01–1 endotoxin U of LPS/ml. A volume of

0.1 ml of known concentrations of particles (0.1 mg/ml) in

endotoxin-free water, particle free supernatants or 0.01–1

unit/ml of endotoxin standards derived from Escherichia

coli (Xiamen Houshiji, Fujian, China) was incubated with

LAL reagent for 30 min at 37�C, and a volume of 0.1 ml

endotoxin-free water as the control. After the initial incu-

bation, the chromogenic substrate was added, and the

incubation continued for an additional 6 min. The reaction

was stopped by the addition of diazo reagents, and the

particles should be removed by two rounds of centrifuga-

tion (6009g for 15 min) because the absorbance value can

give incorrect readings with particle suspensions. Then the

absorbance value was determined at 545 nm with a
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microplate reader. Because the assay is extremely sensitive

to inhibition by test samples, all samples were measured

with and without spikes containing a known amount of the

endotoxin standard (0.05 endotoxin units/ml) as recom-

mended by the manufacturer. The assays were considered

reliable if the recovery of spikes was 50–200%. All sam-

ples (0.1 ml) were analyzed in duplicate. Only tests pro-

ducing a correlation co-efficient for the standard curve of

0.95 or greater were accepted.

2.5 Cells and cell culture

The RAW264.7 murine monocytic/macrophagic cell line

(ATCC, USA) was used in this experiments as an in vitro

model of the macrophage inflammatory cytokine response to

wear particles. This cell line has been used by previous

investigators performing similar assays [30–32] and has the

advantages of being a robust, stable, established cell line with

predictable uniform cytokine responses. The RAW264.7 cells

were grown, maintained, and assayed in DMEM with 10%

heat-inactivated fetal bovine serum. The cells were seeded in a

24-well tissue culture plate (Costar, Corning, Lowell, MA) at a

density of 2.5 9 105 cells/ml (1 ml/well).

2.6 Cell cytotoxicity: MTT assay

The cytotoxicity of the RAW264.7 macrophages in response

to Ti particles was examined using the 3-(4,5-dimethylthia-

zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

The RAW264.7 macrophages (5 9 103 cells/well) were

cultured in 96-well tissue culture plates for 24 h and incu-

bated with 0.5 mg/ml of MTT at 37�C for 4 h. Following the

removal of the supernatant, the insoluble formazan crystals

were dissolved in 200 ll dimethyl sulfoxide, and the

absorbance was measured using a 570 nm wavelength

Synergy HT microtiter plate reader (BioTek Instruments,

Inc., Vermont, USA).

2.7 Measurement of proinflammatory cytokines

by ELISA

The RAW264.7 cells, with different treatments, were cul-

tured in DMEM with 10% heat-inactivated fetal bovine

serum for 24 h. The cell culture supernatants were col-

lected. Mouse-specific ELISA kits were used to analyze the

amounts of TNF-a, IL-1b, and IL-6 produced by the cells

in accordance with the manufacturer’s instructions. The

intensity of the color detected at 450 nm was measured.

2.8 NF-jB luciferase reporter gene assay

There were many studies that indicate that wear particles

can activate NF-jB nuclear translocation. These results

have minimized the influence of endotoxins on the particles

because all particle preparations were shown to be free of

endotoxin by LAL-based assay [33–35].However, other

research has also demonstrated that the titanium-alloy

particles without endotoxins did not induce NF-jB acti-

vation [36]. To examine NF-jB activation, RAW264.7

cells that were stably transfected with a luciferase reporter

gene p-NF-jB-TA-Luc [37] were plated in 24-well plates

at a density of 1 9 105 cells/well and treated with three

groups of particles for 8 h. The cells were harvested, and

the luciferase activity was measured using the Promega

Luciferase Assay System according the manufacturer’s

instructions (Promega).

2.9 Statistical analysis

The data are expressed as the means ± SD of triplicate

determinations. The differences between the groups were

analyzed using analysis of variance (ANOVA). Statistical

significance was defined as P \ 0.05. The statistical anal-

yses were performed using SPSS, version 11.0 (SPSS,

Chicago, IL, USA).

3 Results

3.1 Different titanium particle preparation dosages did

not significantly change particle size, morphology,

and chemical composition

Using SEM, we observed that the particle preparation

dosages did not significantly change the surface morphol-

ogy of the particles. The particles appeared round, oval,

and irregular in all samples (Fig. 1a). We observed that the

particles in group 1 (mean diameter = 5 lm) were slightly

larger than the others (group 2: 4 lm; group 3: 4.7 lm).

The particle size distribution was also similar in all samples

(Fig. 1d). From the EDX, we observed that all of the sur-

faces of the samples had similar chemical compositions

after different particle preparations (Fig. 1b). In Fig. 1c, we

randomly selected three points in one sample and selected

three samples from each group because the different

positions in the sample might have different chemical

compositions. There were a total of six chemical elements

(O, Al, Si, K, Ca, and Ti) present on the surface of the

samples, and there were no differences among all six

chemical elements (P [ 0.05).

3.2 Testing the supernatant produced a negative result

in endotoxin detection

In endotoxin testing (Fig. 2), we observed that different

preparations of titanium particles yielded different results.
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Group 2 had a more positive effect on endotoxin removal

compared with group 1 (P \ 0.05) and group 3 (P \ 0.01);

however, we observed that the endotoxin still adhered to

the particles. When testing the supernatant, we obtained the

expected negative result (the supernatants of all groups are

endotoxin-free) compared with the control (P [ 0.05).

3.3 Different titanium particle preparation dosages

did not change cell cytotoxicity

From the MTT results (Fig. 3a), we observed that the

phagocytosed particles really have the cytotoxic effect on

the RAW264.7 compared with the control (P \ 0.05).

However, there were no observed differences between

groups 1, 2 and 3 regarding cell cytotoxicity (P [ 0.05).

3.4 Adherent endotoxins on particles induce

a proinflammatory reaction and NF-jB activation

in RAW264.7 cells

Using ELISA (Fig. 3b–d), we observed that the particles

from group 2 were almost unable to stimulate proinflam-

matory cytokine (TNF-a, IL-1b, and IL-6) production by

the RAW264.7 cells. The particles with a higher endotoxin

concentration induced more proinflammatory cytokine

production in groups 1 (TNF-a, IL-6; P \ 0.05) and 3

Fig. 1 Particle morphology, chemical composition, and size deter-

mination. Using SEM, we observe that the particles are round, oval,

and irregular in all groups (Fig. 1a). The particle size distribution is

also similar in all samples (Fig. 1d). From the EDX, we observe that

all of the sample surfaces have similar chemical compositions after

different particle preparation methods (Fig. 1b). In Fig. 1c, we have

randomly selected three points in one sample and selected three

samples from one group to evaluate different positions. The sample

may have a different chemical composition. There are a total of six

chemical elements in all samples, and there are no differences among

all six chemical elements (P [ 0.05)
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(TNF-a, IL-1b, and IL-6; P \ 0.01) compared with the

control. We also examined the effect of adherent endo-

toxins on NF-jB nuclear translocation (Fig. 3e), and we

observed that increased adherent endotoxins on the parti-

cles increased active NF-jB nuclear translocation.

4 Discussion

In 1998, Ragab and colleagues demonstrated that Ti par-

ticles without endotoxins were almost completely unable to

stimulate cytokine production by murine marrow cells [22].

Since then, all research concerning particle disease should

focus on endotoxin detection testing on particles. Because

there are several ways to remove adherent endotoxin from

particles, including the most commonly used method of

high temperature or the circulatory use of nitric acid and

NaOH, our results demonstrated that the circulatory use of

nitric acid and NaOH was most effective for removing

endotoxin from particles. The high temperature method

still resulted in a relatively high endotoxin concentration. It

Fig. 2 Quantitative evaluation of endotoxin contamination in wear

particles by LAL-based assays. Group 2 has a more positive effect on

endotoxin removal compared with group 1 (P \ 0.05) and group 3

(P \ 0.01); however, we also find that adherent endotoxins remain on

particles of this group compared with the control (P \ 0.01). When

testing the supernatant, we obtain negative results (P [ 0.05)

compared with the control. *Significantly different (P \ 0.05),

**Significantly different (P \ 0.01). Data represent the means ± SD

of three independent experiments with duplicate measurements in

each experiment

Fig. 3 Measurement of cell viability, proinflammatory cytokines and

luciferase activity in NF-jB nuclear translocation. a The MTT assay

results demonstrate that RAW264.7 cells have decreased proliferation

after macrophages phagocytose the particles compared with the

control (P \ 0.05). However, group 1, group 2 and group 3 have no

differences in cell proliferation (P [ 0.05). b–d In group 3, the

particles with adherent endotoxin can significantly stimulate IL-1b,

TNF-a and IL-6 secretion by RAW264.7 cells compared with other

groups in 48 h (P \ 0.01). We observe that the particles in group 2

are almost unable to stimulate cytokine production by macrophages

compared with the control (P [ 0.05). However, in group 1, the TNF-

a and IL-6 secretion are different compared with the control

(P \ 0.05). Although the particle in group 1 can induce increased

proinflammatory cytokine production, there is no difference between

group 1 and group 2 (P [ 0.05). e Group 3 exhibits more active NF-

jB nuclear translocation compared with other groups (P \ 0.01). In

addition, there are differences (P \ 0.05) between group 1 and group

2. *Significantly different (P \ 0.05), **Significantly different

(P \ 0.01). Data represent the means ± SD of three independent

experiments with duplicate measurements in each experiment
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is likely that when the particle solution is incubated at high

temperatures, the particles deposit on the glass tube wall

upon water evaporation. We found that the particles were

bunched so tightly that it was difficult to separate them, and

oxide film composed of TiO2 was formed on the surface of

agglomerative particles, which was so protective that the

further oxidation of titanium was prevented in various cir-

cumstances [38]. So oxide film on the surface might protect

the inner endotoxins from removal. Therefore, the methods

employed in group 2 might be the best way to remove the

endotoxin from particles although it is relatively time

consuming. However, different particles respond differently

to methods of endotoxin removal. Many studies have

reported that cobalt chrome, commercially pure titanium,

titanium alloy, and ultra-high molecular weight polyethyl-

ene are the most potent types of particles that cause oste-

olysis [1, 2]. In addition, adherent endotoxins are

responsible for many of the biological responses induced by

commercially pure titanium, titanium alloy, titanium

nitride, polymethylmethacrylate, cobalt chrome, and high-

density polyethylene [8]. Therefore, it is important to use

different methods to remove adherent endotoxins according

to the type of particles. For example, high temperatures

could not be used to remove endotoxins from ultra-high

molecular weight polyethylene because high temperatures

affect the chemical character of ultra-high molecular weight

polyethylene.

Moreover, the size or shape of commercially pure tita-

nium particles might affect the biology of macrophages

[25, 26] and other cells [27–29]. In this assay, we also used

SEM and photo-sedimentometry to determine the size and

shape of the particles after the sample preparation. We did

not observe any significant changes in the size or shape of

the particles. In addition to the common use of metal-to-

metal arthroplasty, research [20, 39] has revealed that the

surface change of the chemical composition on the particle

could produce different biological effects on cells. There-

fore, we also compared the surface chemical composition

between the different endotoxin removal treatments. Sim-

ilarly, we did not observe any significant changes in the

chemical composition on the particles’ surfaces upon dif-

ferent endotoxin removal treatments. We suggest that

changes in proinflammatory cytokine production and NF-

jB activation result from different concentrations of

endotoxins on the particles.

Most of the papers reviewed in the introduction did not

describe the detailed testing process, and only two papers

described their method of endotoxin testing using the

particle supernatant [13, 40]. However, from our assays, we

demonstrated that when we use the particle supernatant

without removing the endotoxin for endotoxin testing, we

also obtain negative results (the supernatants of all groups

are endotoxin-free). However, when we use the particles

with adherent endotoxins, we obtain positive results. Ragab

also demonstrated particle suspension not the supernatant

should be used in the endotoxin testing in their study [22].

Another important point Ragab also mentioned was when

the reaction was stopped by the addition of diazo reagents;

the particles should be removed by two rounds of centri-

fugation to avoid particle interference with the LAL-based

chromagenic assay which can give incorrect readings with

particle suspensions. So here we again remind that it is

important for all particle research studies to describe the

detailed process used for endotoxin testing. We should

ensure that the particles supernatant as well as the particle

surface are endotoxin-free because metal particles have a

high affinity for endotoxins.

Because both particles [41, 42] and endotoxins [43] can

cause cytotoxicity in macrophages, we used the MTT assay

to analyse cytotoxicity. In our study, we demonstrated that

titanium particles really have the cytotoxic effect on the

RAW264.7 compared with the control. However, there is

no difference among all the particles that were treated with

different endotoxin removal treatments. We observed the

presence of endotoxins on particles that did not inhibit

RAW264.7 macrophage proliferation in the particles that

were sterilized by ethanol.

Our present research demonstrated that the method for

endotoxin removal from particles could significantly affect

proinflammatory cytokine production. We also found that

particles after endotoxin removal (in group 1 and group 2)

could induce NF-jB activation in RAW264.7 cells because

endotoxins were still adhered to the particles. The particles

with circulatory use of nitric acid and NaOH could not

induce proinflammatory cytokine production. However, the

particles treated with high temperature could slightly

induce proinflammatory cytokine production because more

endotoxin was present on the particles compared with the

particles treated with the circulatory use of nitric acid and

NaOH. As for the ethanol-treated particles, the activation

of NF-jB nuclear translocation and the production of

proinflammatory cytokines are significantly greater than in

the other groups when more endotoxins present on the

particles. This observation is the reason that many studies

have indicated that the wear particles could activate NF-jB

nuclear translocation even when all particle preparations

were shown to be free of endotoxin by LAL-based assay in

their studies [33–35]. However, another paper also dem-

onstrated that titanium-alloy particles without endotoxin

did not induce NF-jB activation [36]. Although this paper

reported that NF-jB translocation activity, as determined

by immunohistochemistry, was similar to other tests,

methods, such as the electron mobility sift assay, western

blotting and luciferase reporter gene assays, may be more

sensitive than immunohistochemical analysis for the

detection of NF-jB nuclear translocation. Therefore, it is
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important to consider the surface (the potential role of

adherent endotoxin) of the particles when examining the

influence of wear particles.

In this paper, we only use the RAW264.7 murine

monocytic/macrophagic cell line for these experiments as

an in vitro model of the macrophage inflammatory cytokine

response to wear particles. Although this cell line has the

advantages of being a robust, stable, established cell line

with predictable uniform cytokine responses, it is not a

primary cell, which has limitations in the mimic of path-

ophysiology in vivo. Further experiments in primary cells

or animal models are needed in future investigations. And

here we only use commercial pure titanium (Ti) particles

for the experiments, which may have different character-

istics compared to the wear particles from patients with

aseptic loosening. However, endotoxins could also accu-

mulate on endotoxin-free commercial pure titanium parti-

cles and/or in the surrounding tissue after implantation in

the calvaria of mice [8]. Therefore, we propose that com-

mercial pure Ti particles are suitable for wear particle

research. However, we only used one kind of wear particle

in this study. It is possible that this result may not be

applicable to other types of wear particles because different

particles have different affinities to endotoxins.

5 Conclusions

The current results document that different methods for

endotoxin removal cause differences in endotoxin concen-

trations on titanium particles and inflammatory responses in

RAW264.7 macrophages. Therefore, we should use the

particles themselves not the supernatant of the particles in

endotoxin testing, which will affect the results in wear par-

ticle research. We suggest that research on wear particles

should describe the detailed methods for endotoxin testing,

including endotoxin removal from particles and the endo-

toxin testing process, which will affect the readers’ judge-

ment about whether the wear particles or the surfaces of the

wear particles cause the proinflammatory response of mac-

rophages. Based upon these findings, we believe that more

attention should be paid to the surface (the potential role of

adherent endotoxin) of wear particles than to the particles

themselves. Future studies should also research other types

of particles that may require different methods for endotoxin

removal.
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