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Abstract This study was performed to microscopically

observe and measure inflammatory cytokine production by

human macrophages phagocytosing submicron titanium

(Ti) particles. Observations with secondary electron

microscopy (SEM), SEM/electron probe microanalysis

(EPMA) and transmission electron microscopy (TEM)

indicated that macrophages [phorbol-12-myristate-

13-acetate (PMA)-differentiated THP-1 cells] at 24 h in

culture actively phagocytosed and accumulated submicron

Ti particles in intracellular phagosomes, in which refine-

ment of Ti particles occurred. The macrophages were also

cultured for 24 h in four media with and without submicron

Ti particles and lipopolysaccharide (LPS; components of

bacteria). Whilst neither stimulus reduced cell viability,

submicron Ti particles and LPS activation independently

and synergistically caused the macrophages to produce

three inflammatory cytokines (TNF-a, IL-1b and IL-6) at

high levels in the culture supernatants. The inflammatory

and osteolysis conditions caused by macrophages phago-

cytosing submicron Ti particles would be worsened by

challenge with LPS in patients wearing Ti prostheses.

1 Introduction

Bulk titanium (Ti) is widely used as a prosthetic material

for dental and medical applications (e.g., dental implant

and bone–plate–screw assemblies) due to its good

mechanical strength, corrosion resistance and biocompati-

bility [1]. The drawback of Ti is its weak resistance to wear

and fretting [2]. Phagocytosis of submicron Ti wear parti-

cles from prostheses, which are smaller than the cell, cause

macrophages to produce inflammatory and pro-osteoclas-

togenic cytokines, including TNF-a, IL-1b and IL-6,

leading to inflammation, osteolysis and loosening of

implants [3]. Gram-negative bacteria are also always

present in the oral environment, and multiply considerably

if oral care is neglected. The cell walls of these bacteria

contain lipopolysaccharide (LPS), and activate macro-

phages by recognition of LPS and a subsequent cell sig-

nalling cascade to secrete these three cytokines [4], which

leads to pathological conditions (e.g., periodontitis and

osteoclastogenesis in dental patients) [5]. Patients who

require dental implants are often over 50 years old [6] and

are highly susceptible to bacterial LPS attack due to peri-

odontitis. However, few comparative studies have been

performed on the production of these cytokines by mac-

rophages when stimulated by submicron Ti particles and/or

soluble LPS alone or in combination [3].

The intracellular morphological changes of macro-

phages phagocytosing submicron Ti particles have not

been examined in detail [3, 7]. In addition, the changes in
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submicron Ti particles themselves due to phagocytosis by

macrophages have not been examined in depth [3].

The present study was performed to morphologically

observe phagocytosis of submicron Ti particles by human

macrophages [phorbol 12-myristate 13-acetate (PMA)-

differentiated THP-1 cells] by optical microscopy, scan-

ning electron microscopy (SEM), SEM/electron probe

X-ray microanalysis (EPMA) and transmission electron

microscopy (TEM), and to evaluate the production of three

cytokines in these cells stimulated by submicron Ti parti-

cles and by LPS alone and in combination.

2 Materials and methods

2.1 Preparation of sub-micron Ti particles

Raw fine pure Ti particles less than 2 lm in size in water

(purity = 95% minimum; Soekawa Chemicals, Tokyo,

Japan) were sonicated, followed by natural setting of larger

particles and collection of small particles in water. These

powders in water were sterilised by autoclaving prior to

mixing with the culture medium. Portions were then dried

naturally on double carbon tape on aluminium stubs, and

observed by SEM (S-4700; Hitachi, Ibaraki, Japan). The

particle size distribution was checked with a laser diffrac-

tion/scattering particle-size analyser (Microtrac UPA150;

Nikkiso, Tokyo, Japan).

2.2 Observation of human macrophages phagocytosing

submicron Ti particles by optical microscopy,

SEM, SEM/EMPA and TEM

The human monocytic cell line THP-1 (RCB 1189; Riken

Cell Bank, Tsukuba, Japan) was cultured in RPMI1640

medium (Invitrogen, Carlsbad, CA, USA) supplemented

with 10 vol.% foetal bovine serum (Cat. No. 10099-141;

Invitrogen) and antibiotics (penicillin–streptomycin–

amphotericin, Cat. No. 15240-096; Invitrogen) in an

incubator under an atmosphere of 5% CO2/95% air at

37�C.

THP-1 cells (1 9 106) were differentiated into macro-

phages by culturing for 48 h in medium supplemented with

200 nM PMA [8] (Sigma-Aldrich Japan, Tokyo, Japan)

(1 ml) in two single-chamber slide glasses (5700-001;

Iwaki, Tokyo, Japan). The media were then exchanged

with fresh media [i.e., control medium without PMA

(Control) and medium with suspended Ti particles

(0.5 wt%, 0.94 vol.%) (SM-Ti)], and culture was continued

for an additional 24 h. The cells in one chamber slide glass

were then washed twice with phosphate-buffered saline

(PBS) (-) solution, infiltrated with n-butyl alcohol, freeze-

dried and coated with osmium, followed by SEM obser-

vation. The cells in the other chamber slide glass were also

washed twice with 2.5% glutaraldehyde/0.1 M PBS (-)

solution, fixed in 1% OsO4/0.1 M PBS (-) solution,

dehydrated through a graded alcohol series, infiltrated and

cured with epoxy resin and sliced horizontally parallel to

the chamber slide using a diamond blade. Sections 1 lm

thick were stained with toluidine blue, and observed under

an optical microscope (CK-30; Nikon, Tokyo, Japan). They

were also analysed chemically by SEM/EPMA (JXA-

8900L; JEOL, Tokyo, Japan). Sections 70 nm thick were

observed morphologically by TEM (H-7100; Hitachi).

2.3 Measurements of cell viability and production

of three inflammatory cytokines by human

macrophages with and without submicron

Ti particles and LPS

Human macrophages (PMA-differentiated THP-1 cells)

(1 9 106) were also cultured in four media (1 ml) (four

replicates, respectively), that is., control medium without

PMA (Control), medium with suspended submicron Ti

particles (SM-Ti), medium with LPS [LPS (?)] and med-

ium with both submicron Ti particles and LPS [LPS (?)

SM-Ti], in 24-well microplates (3020-024; Iwaki) for 24 h.

For LPS stimulation, a commercial LPS (Escherichia coli

O26; Difco, Detroit, MI, USA) was added to the culture

media at a final concentration of 1 lg/ml. Cell viability

was measured with a Cell-counting Kit 8 (Doujin-Chemi-

cal, Kumamoto, Japan) and a microplate reader (Model

680; Bio-Rad, Hercules, CA, USA) to determine whether

phagocytosis of submicron Ti particles and LPS stimula-

tion were cytotoxic to the macrophages examined. The

cells were collected using cell scrapers, dissolved and

homogenised in 1 wt% Triton X-100 containing PBS (-)

solution and centrifuged; DNA contents in the supernatants

were examined with a double-strand DNA assay kit

(Quant-iT PicoGreen; Invitrogen) and a fluorometer

(FP-6300; JASCO, Tokyo, Japan). The concentrations of

the three cytokines (TNF-a, IL-1b and IL-6) in the culture

supernatants were measured using ELISA kits (RPN5967,

RPN5971 and RPN5968, respectively, Amersham Biotrak

Easy ELISA; GE Healthcare, Piscataway, NJ, USA)

according to the standard protocols. All cell culture mea-

surements were carried out in four replicates with two

repetitions (total number n = 4 9 2 = 8). The secreted

levels of three inflammatory cytokines were normalised to

the amounts of DNA. Statistical analysis was performed

using StatView-J 5 (SAS Institute, Cary, NC, USA) with

the unpaired t-test.
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3 Results

3.1 Characterisation of Ti particles employed

SEM micrographs (Fig. 1) indicated that the Ti particles

added to the culture medium were irregular in shape and

less than 1.0 lm in size. The laser particle size analyser

confirmed that these particles had a mean size of 0.24 lm

with standard deviation of 0.10 lm, whilst the minimum

and maximum sizes were 0.04 lm and 1.64 lm, res-

pectively (95% of particles \1.00 lm; 90% particles

\0.50 lm) (Fig. 2). Therefore, the Ti particles used were

judged to be in the submicron size range.

3.2 Observation of macrophages phagocytosing

submicron Ti particles

Control macrophages tended to agglomerate and secrete

extracellular matrix (ECM), as shown in the SEM image in

Fig. 3a. In the presence of submicron Ti particles, macro-

phages showed marked changes in their morphological

characteristics. The macrophages actively phagocytosed

these particles by extending many projections outward with

little production of extracellular matrix, as indicated in

SEM micrographs (Fig. 3b). Whilst almost all of the Ti fine

particles were eliminated around macrophages, leaving a

zone labelled (-) SM-Ti in the figure, many Ti fine par-

ticles remained intact on the glass surface away from the

macrophages, labelled as (?) SM-Ti (Fig. 3b). Optical

microscopic observation of 1-lm sections of toluidine

blue-stained macrophages phagocytosing submicron Ti

particles indicated that particles accumulated and localised

in some confined areas (Fig. 4). SEM/EPMA analysis of

Fig. 1 SEM micrograph of the submicron Ti particles used

Fig. 2 Particle size distribution of the submicron Ti particles used

Fig. 3 SEM micrographs of a control human macrophages (Control)

and b human macrophages phagocytosing submicron Ti particles

(SM-Ti). ECM, extracellular matrix; (-) SM-Ti, zone without

submicron Ti particles; (?) SM-Ti, zone with submicron Ti particles
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1-lm sections of macrophages phagocytosing submicron

Ti particles confirmed that these particles consisted of Ti

(Fig. 5). In composite images, Ti particles appeared opaque

white or black against the grey cell background (Fig. 5a).

On EPMA, Ti appeared blue to red depending on the

composition level according to the scale shown on the

right-hand side of Fig. 5b.

TEM observations of 70-nm sections of macrophages

indicated that phagocytosed submicron Ti particles were

transferred to and collected within many intracellular

phagosomes (Fig. 6a). The nuclei of the macrophages were

free from inclusions of fine Ti particles (Fig. 6a). Consid-

ering the original size of the submicron Ti particles

(Fig. 2), refinement of Ti particles down to \0.5 lm was

universally observed (Fig. 6b) with phagocytosis by human

Fig. 4 Optical microscopic images of 1-lm sections of human

macrophages phagocytosing submicron Ti particles (SM-Ti). Note:

The cells were stained with toluidine blue. The black puncta are

submicron Ti particles

Fig. 5 SEM/EPMA images of

human macrophages

phagocytosing submicron Ti

particles (SM-Ti). a SEM

composite image. b EPMA

colour chart of element Ti.

Note: Particles in the macro-

phages were identified as Ti

Fig. 6 TEM micrographs of human macrophages phagocytosing

submicron Ti particles a at lower and b higher magnifications
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macrophages in culture for 24 h. In two TEM images at the

highest magnification (Fig. 7), the dense (residual) Ti

particles (high contrast, black) was reduced to the order of

1–10 nm embedded in the larger grey ambiguous grain

zones (low contrast). These zones were previously fully

occupied by submicron Ti particles but became porous,

indicating dissolution of submicron Ti particles in the

phagosomes.

3.3 Cell viability

The cell viabilities of human macrophages cultured in four

media [Control, SM-Ti, LPS (?) and LPS (?) SM-Ti] were

essentially identical (Fig. 8) (P [ 0.05), indicating that

phagocytosis of submicron Ti particles and LPS stimula-

tion were not cytotoxic to the macrophages examined.

3.4 Inflammatory cytokine production

Control macrophages (Control) secreted the minimum

amount of TNF-a (Fig. 9). The macrophages phagocytos-

ing submicron Ti particles (SM-Ti) showed secretion of

high levels of TNF-a (66-fold higher than the Control). The

macrophages also produced high levels of TNF-a (48-fold

higher than the Control) when stimulated by LPS [LPS

(?)]. Dual stimulation with submicron Ti particles and LPS

[LPS (?) SM-Ti] resulted in a further increase in the

production of TNF-a (85-fold higher than the Control).

Mean values of any two combinations were significantly

different (P \ 0.01).

Control macrophages (Control) also showed the mini-

mum amount of IL-1b (Fig. 10). The macrophages

phagocytosing submicron Ti particles (SM-Ti) showed

significantly enhanced production of IL-1b (47-fold higher

than the Control). When stimulated with LPS, the amount

of IL-1b produced by the macrophages [LPS (?)] was

5-fold greater than that of the Control. Dual stimulation

with submicron Ti particles and LPS [LPS (?) SM-Ti] also

resulted in a considerable increase in production of IL-1b
to 101-fold higher than the Control. Mean values of any

two combinations were significantly different (P \ 0.01).

Control macrophages (Control) did not produce IL-6

(Fig. 11). Macrophages phagocytosing submicron Ti par-

ticles (SM-Ti) showed moderate production of IL-6. When

stimulated with LPS, the macrophages [LPS (?)] showed

Fig. 7 TEM micrographs of submicron Ti particles in phagosomes of

human macrophages at the highest magnification

Fig. 8 Cell viabilities of human macrophages cultured for 24 h in

four media: control medium (Control), medium with added submicron

Ti particles (SM-Ti), medium stimulated with LPS [LPS (?)] and

medium with submicron Ti particles and LPS [LPS (?) SM-Ti]. Data

are expressed as mean values with standard deviation in parentheses

of eight measurements (n = 8): Control, 1.17(0.04); SM-Ti,

1.14(0.10); LPS (?), 1.16(0.02); LPS (?) SM-Ti, 1.10(0.07). * Mean

values of any two combinations were not significantly different at

a = 0.05 level of significance (NS)
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slightly higher levels of IL-6 production (19%) than

SM-Ti. Dual stimulation with submicron Ti particles and

LPS [LPS (?) SM-Ti] resulted in a significant increase in

production of IL-6 to 2.8-fold greater than that of SM-Ti.

Mean values of any two combinations were significantly

different (P \ 0.01).

4 Discussion

The mechanism of transport of Ti particles into the mac-

rophages from the surface into the interior with vigorous

extension of the projections is not well understood (Fig. 3)

[9]. The results in the present study indicated that submi-

cron Ti particles were phagocytosed by macrophages and

intracellularly localised in confined areas (i.e., phago-

somes) as visualised by optical microscopy (Fig. 4), SEM/

EPMA (Fig. 5) and TEM (Fig. 6). In addition, the sizes of

most individual submicron Ti particles were refined to

within the range of 1–10 nm after phagocytosis (Figs. 6, 7),

although submicron Ti particles larger than 0.5 lm were

present before phagocytosis (Figs. 1, 2). The refinement of

submicron Ti particles in macrophages is not unexpected

because Ti particles dissolve at acid pH, and the phago-

some is a low-pH environment with the presence of active

oxygen species (superoxide anion radicals) [10]. Ti parti-

cles were speculated as having been successively dissolved

by H? ions, superoxide and hydroxyl radicals, but were

then instantaneously reconstituted to refined metallic Ti or

titanium dioxides within and close to the phagosomes.

Such refinement and chemical alteration may contribute to

Fig. 9 TNF-a production by human macrophages cultured for 24 h in

four media: control medium (Control), medium with added submicron

Ti particles (SM-Ti), medium stimulated with LPS [LPS (?)] and

medium with submicron Ti particles and LPS [LPS (?) SM-Ti]. Data

are expressed as mean values with standard deviations in parentheses

of eight measurements (n = 8): Control, 80.4(3.2); SM-Ti,

6215.5(404.7); LPS (?), 4966.3(666.0); LPS (?) SM-Ti,

8045.7(830.3) pg/DNA (lg). Mean values of any two combinations

were significantly different (P \ 0.01)

Fig. 10 IL-1b production by human macrophages cultured for 24 h

in four media: control medium (Control), medium with added

submicron Ti particles (SM-Ti), medium stimulated with LPS [LPS

(?)] and medium with submicron Ti particles and LPS [LPS (?)

SM-Ti]. Data are expressed as mean values with standard deviations

in parentheses of eight measurements (n = 8): Control, 16.8(4.8);

SM-Ti, 918.0(64.9); LPS (?), 104.9(0.2); LPS (?) SM-Ti,

1996.7(208.3) pg/DNA (lg). Mean values of any two combinations

were significantly different (P \ 0.01)

Fig. 11 IL-6 production by human macrophages cultured for 24 h in

four media: control medium (Control), medium with added submicron

Ti particles (SM-Ti), medium stimulated with LPS [LPS (?)] and

medium with submicron Ti particles and LPS [LPS (?) SM-Ti]. Data

are expressed as mean values with standard deviations in parentheses

of eight measurements (n = 8): Control, 0(0); SM-Ti, 409.6(12.4);

LPS (?), 487.9(23.2); LPS (?) SM-Ti, 1138.4(65.1) pg/DNA (lg).

Mean values of any two combinations were significantly different

(P \ 0.01)
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the exclusion of digested finer Ti particles from the body

via the blood circulation through the liver, lung and spleen

[11]. These findings, however, contradict those of a pre-

vious study by Xing et al. [12] suggesting that the shape

and size of Ti particles remained unchanged in phagosomes

whilst the surface chemistry was altered. The LPS-stimu-

lated macrophages phagocytosed submicron Ti particles in

a similar manner to the phagocytosis of LPS (-) macro-

phages reported here (SM-Ti) (data not shown).

PMA-differentiated THP-1 cells were utilised in this

study as human macrophages because they are often used

in the evaluation of particle-induced inflammation and

osteolysis, especially in evaluations of failed artificial total

hip joint replacements [7]. In orthopaedics, phagocytosis of

wear debris is known to cause induction of inflammatory

cytokine expression by macrophages (TNF-a, IL-1b and

IL-6), provoking systematic symptoms, including osteoly-

sis, around prostheses via osteoclastogenesis [3, 13]. The

wear debris varies not only in composition (e.g., polyeth-

ylene, Ti, Ti–6Al–4V, Co–Cr alloy [14] and apatite) but

also size (millimetre, submicron, nanometre [15]). Varia-

tions in the size and composition of wear debris may alter

the phagocytosis activity of macrophages [16, 17]. Sub-

micron Ti particles were evaluated in this study because Ti

has been utilised in dentistry as a prosthetic metal in

implants and oral surgery. In addition, the submicron size

is less than half that of the macrophages, and the macro-

phages show very high phagocytotic activity against par-

ticles in this size range [18].

Recent Ti prostheses employ surface modification

treatments, such as surface roughening [19], micropat-

terning [20] and rutile oxidisation [21]. All such treat-

ments, however, appear to increase the frequency and

amount of wear debris from Ti prostheses [22]. The

adverse effects of submicron Ti particles on macrophages

must therefore be clarified, considering the recent increase

in usage of Ti prostheses. Retrieval analyses indicated

transfer of Ti particles from dental Ti prostheses to the

surrounding tissues [22, 23].

Our experimental results clearly indicated that submi-

cron Ti particles themselves and LPS stimulation were not

cytotoxic (Fig. 8), but that these two stimuli could

independently increase the production levels of three

inflammatory cytokines, whilst combined stimulation syn-

ergistically intensified the production of these cytokines

(Figs. 9, 10, 11), leading to severe adverse tissue reactions

such as inflammation and osteolysis [24]. The cell culture

test is usually performed under clean conditions without

LPS, but the actual oral environment contains many con-

taminants, including LPS. Therefore, considering the

effects of bacterial contamination is important, especially

because of the adverse effects of submicron Ti particles on

the tissues surrounding both dental Ti implants and Ti

bone–plate–screw assemblies set in the mandible and

maxilla [23].

The macrophages were activated not only by LPS

stimulation, but also by phagocytosis of submicron Ti

particles. The former is derived from the cross talk between

LPS and Toll-like receptor 4 (TLR4), resulting in pro-

duction of three cytokines by activation of NF-jB, often

defined as a Toll-like receptor signalling pathway [4, 25].

The latter appears to be due to oxidative stress (superoxide)

occurring during phagocytosis of submicron Ti particles

[26], followed by damage to the surface membrane lipid

layers, activation of NF-jB [27] and production of three

cytokines. However, the latter process has not been clari-

fied in detail and should be evaluated in future studies.

Although the two stimuli, phagocytosis of submicron Ti

particles and LPS stimulation, have different entry points in

their pathways, they share NF-jB, and are thereby capable

of independently and synergistically increasing production

of the three inflammatory cytokines. We confirmed the up-

regulation of NF-jB genes by macrophages stimulated

with submicron Ti particles and LPS by quantitative real-

time PCR. QC (relative quantity) values for NF-jB genes

of macrophages cultured for 6 h in control medium (Con-

trol), medium with submicron Ti particles (SM-Ti), med-

ium with LPS [LPS (?)] and medium with both LPS and

submicron Ti particles [LPS (?) SM-Ti] were 1.0, 2.0, 3.9

and 3.2, respectively [28], suggesting that both submicron

Ti particles and LPS significantly up-regulated expression

of NF-jB genes in the macrophages.

All three inflammatory cytokines, but especially IL-1b,

are known to increase the number and accelerate the dif-

ferentiation of osteoclasts [29], leading to periodontitis [5].

The reason why phagocytosis of submicron Ti particles

produced higher levels of IL-1b than LPS stimulation is not

clear, and further studies to address this question are nee-

ded. The production and release of IL-1b have been

reported to be stimulated by either pathogen-associated

molecular pattern molecules (PAMPs) or damage-associ-

ated molecular pattern molecules (DAMPs) [30]. LPS and

phagocytosis of submicron Ti particles may be associated

with PAMPs and DAMPs, respectively, and DAMPs may

induce higher levels of IL-1b than PAMPs.

Further research into osteoclasts as well as macrophages

exposed to submicron Ti particles are also required to both

gain a better understanding and develop ways to avoid

bone resorption around Ti prostheses. In clinical dentistry,

studies have suggested that peri-implantitis may be caused

by submicron Ti wear debris derived from Ti implants [22],

and that the symptoms of periimplantitis would be wors-

ened as a result of pathological reactions due to inflam-

matory cytokines produced by macrophages in cases with

periodontitis. Therefore, the occlusal contact condition

should be checked continuously in dental patients with Ti
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implants to minimise excessive contact and stress con-

centrations that cause and accelerate submicron Ti particle

separation and to continuously check the oral hygiene

conditions to minimise bacterial invasion with LPS around

the implants. Similar risks have been reported in the use of

endotoxin adherent/contaminated orthopaedic implants

[31, 32]. Bone–plate–screw assemblies may also be sus-

ceptible to this endotoxin problem. Care should be taken to

remove endotoxins when applying dental Ti implants and

bone–plate–screw assemblies in clinical dentistry.
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