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and osteolysis-inducing effects of
3D printing Ti6Al4V particles in vitro and in vivo
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Zhiyuan Liu,b Ning Li,a Chengtao Wang,a Kerong Dai*ab and Jinwu Wang*ab

Ti6Al4V printing particles have been recently used for fabricating orthopedic implants. Removing these

particles completely from fabricated implants is challenging. Furthermore, recycled particles are

commonly used in fabrication without additional analysis. Ti6Al4V wear particles derived from

orthopedic implants are known to induce inflammatory responses and osteolysis. However, the biosafety

of printing particles remains unknown. Here, we investigated the proinflammatory and osteolysis-

inducing effects of commonly used original and recycled Ti6Al4V printing particles in vitro and in vivo.

Our results indicated that although less serious effects were induced compared to wear particles,

inflammatory responses and osteoclast-mediated bone resorption were induced by the original printing

particles in a particle size-dependent manner. Recycled particles were found to more strongly stimulate

bone resorption and inflammatory responses than the original particles; the in vivo effect was enhanced

with an increase in particle concentration. Furthermore, the results of our in vitro experiments verified

that the printing particles activate macrophages to secrete inflammatory cytokines and promote

osteoclastogenesis, which is closely related to particle size and concentration. Taken together, our

findings provide a valuable reference for the use of raw printing materials and examination of recycling

procedures for implant fabrication.
1. Introduction

Titanium and Ti6Al4V titanium-alloy biomedical implants have
been used widely since the early 1970s because of their high
strength-to-weight ratio, good biocompatibility, and
outstanding corrosion resistance.1 However, the application of
these implants has been hampered by the high cost and poor
workability involved in producing complex shapes by using
traditional manufacturing processes. For fabrication of surgical
implants, 3D printing techniques have recently emerged as
a superior choice because they offer design exibility, cost-
saving and the ability to fabricate patient-specic shapes
featuring extremely high size accuracy.2 The two most widely
used 3D printing methods are the electron beammelting (EBM)
and selective laser melting (SLM) techniques.3–6 Porous metal
scaffolds fabricated using these techniques have been demon-
strated to exhibit high biocompatibility.7–9 However, the
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printing particles that are retained deep inside large implants
cannot be readily removed completely.10,11 Over the past several
decades, 1–10 mm-sized wear particles generated from metal
implants have been reported to elicit inammatory reac-
tions.12–14 Macrophages have been shown to be activated and to
release proinammatory mediators such as tumor necrosis
factor-alpha (TNF-a), interleukin-1 (IL-1), and IL-6. Further-
more, osteoclasts could be activated through a complex
sequence of these events, ultimately leading to osteolysis and
implant failure.15,16

The aforementioned inammatory responses are widely
recognized to be affected by particle size, chemistry, and
charge.17,18 Because of the different mechanism, spherical
particles with different particle sizes, 45–100 mm and 20–45 mm,
were used for EBM and SLS techniques.19–21 Currently, little is
known about the role played by 3D printing particles in these
size ranges in inducing inammation and osteolysis. Further-
more, the residual printing particles from the fabrication plat-
form are commonly recycled and repetitively used aer a simple
sieving procedure. The biosafety of the recycled printing parti-
cles for implant fabrication deserves more attention. Therefore,
in this study, we aimed to analyze the in vitro and in vivo
inammatory reaction and osteolysis induced by commonly
used Ti6Al4V printing particles featuring distinct particle sizes
and by one-time recycled particles, with pure�2 mm Ti particles
being used as the positive-control wear particle model. Our
RSC Adv., 2018, 8, 2229–2239 | 2229
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results could serve as a useful reference when using printing
particles or examining the feasibility of recycling procedures for
implant fabrication.

2. Materials and methods
2.1. Particle preparation and characterization

Ti particles, 99.99% pure, were provided by Johnson Matthey
(Ward Hill, MA, USA). The original Ti6Al4V printing particles
used here were acquired from three suppliers: EOS GmbH
(Munich, Germany), Waston Medical Appliance Co., Ltd
(Changzhou, China), and Arcam AB (Molndal, Sweden). Recy-
cled particles that had undergone one-time recycling and
sieving were supplied by Waston Medical Appliance Co., Ltd.
These 5 types of particles are referred to in short as Ti, EOS,
Waston, Arcam, and Waston recycled particles, respectively.
Scanning electron microscopy (SEM, Zeiss LEO 1550) was used
to analyze particle morphology; the number average particle
sizes was analyzed according to the SEM graphs. Particle size
distribution was separately characterized using dynamic laser
light scattering (for Ti particles; Zetasizer Nano S, Malvern,
Worcestershire, UK) and a laser diffraction particle size analyzer
(for printing particles; Mastersizer 2000, Malvern, Worcester-
shire, UK).

2.2. In vivo murine calvarial osteolysis model

We established amurine calvarial osteolysis model as described
previously22,23 to determine the effects of particles on osteolysis
in vivo. In total, 54 healthy male C57BL/6 mice (8 weeks old, 20–
23 g) were obtained from SLAC Laboratory Animal Co., Ltd.
(Shanghai, China). All the animal experiments were performed
in accordance with the guidelines and regulations for the care
and use of laboratory animals of the National Institutes of
Health. All procedures were approved by the Institutional
Animal Care and Use Committee of Shanghai Jiao Tong
University School of Medicine. Briey, mice were anesthetized
by intraperitoneal injection of 50 mg kg�1 pentobarbital, and
then the periosteum was separated from the calvarium by using
a surgical scalpel. Particles were dispersed in saline at a low
concentration (10 mg) or high concentration (30 mg) and
injected on the surfaces of the bilateral parietal bones. In the
sham control, the incision was closed without further inter-
vention. Aer 14 days, mice were sacriced for further analysis.

2.3. mCT imaging

Calvarium samples were analyzed by using a mCT system (mCT
80; SCANCO Medical AG, Bassersdorf, Switzerland) at an
isometric resolution of 9 mm and X-ray energy settings of 70 kV,
114 mA, and 8 W; 3D reconstructed images were obtained using
the manufacturer's soware. The number of pores and the
porosity in a square-shaped region of interest (3.5 mm � 3.5
mm) were analyzed using Image-Pro Plus 6.0 soware.

2.4. Histological staining and histomorphometric analysis

The collected calvaria were xed with 4% paraformaldehyde
(PFA) for 3 days, decalcied in 10% EDTA for 1 month, and
2230 | RSC Adv., 2018, 8, 2229–2239
embedded in paraffin. Cross-sections (5 mm) were cut in the
coronal plane on a microtome. Aerwards, the sections were
performed with hematoxylin/eosin (HE) and tartrate-resistant
acid phosphatase (TRAP) staining and observed under an
optical microscope (Leica DM4000B). The bone area and oste-
oclast number were calculated using Image-Pro Plus 6.0
soware.
2.5. Enzyme-linked immunosorbent assay (ELISA) for
analyzing inammation in vivo

As previously described,24,25 each of the harvested calvaria was
carefully placed into one well of a 12-well plate and incubated at
37 �C and 5%CO2 in 1mL of serum- and phenol-free Dulbecco's
modied Eagle medium (DMEM; Invitrogen, Carlsbad, CA,
USA) with 100 U mL�1 penicillin and 100 U mL�1 streptomycin.
Aer 24 h of culture, the culture medium was collected for
analysis of TNF-a and IL-6 levels using the respective ELISA kits
purchased from R & D Systems (Minneapolis, MN, USA). Assays
were performed according to the manufacturer's instructions.
2.6. Proinammatory assay in vitro

2.6.1. Cell culture and viability. Murine macrophage/
monocyte cell line RAW264.7 cells (Shanghai Institute of
Cellular Biology; Chinese Academy of Sciences, Shanghai,
China) were maintained at 37 �C and 5% CO2 in a-minimum
essential medium (a-MEM; Invitrogen, Carlsbad, CA, USA)
containing 10% fetal bovine serum (FBS; Gibco, Gaithersburg,
MD, USA), 100 U mL�1 penicillin, and 100 U mL�1 strepto-
mycin. The effects of particle size and concentration on
RAW264.7 cell viability were investigated using the cell counting
kit-8 (CCK-8; Dojindo Molecular Technology, Inc., Kumamoto,
Japan) assay. Cells (1 � 104 per well) were plated in 96-well
plates in triplicate and incubated for 2 h. Aer the cells were
stably attached to the plates, the culture medium was replaced
with medium in which different particles were dispersed at
concentrations of 0, 1, 5, 10, 20, 40, and 80 mg mL�1; the cells
were exposed to the particles for 1 or 3 days. Subsequently, cell
viability was analyzed by performing the CCK-8 assay according
to the manufacturer's instructions. Cells cultured with standard
media were used as the controls. Results are reported as the
percentage ratio: ODsample/ODcontrol � 100% (n ¼ 3).

2.6.2. Cell morphology. RAW264.7 cells (5 � 104 per well)
were plated in 24-well plates in triplicate and incubated for 2 h.
Aer the cells were stably attached to the plates, the medium
was replaced with medium in which 10 mg mL�1 Ti, Waston,
Waston recycled, EOS, or Arcam particles was dispersed. The
effects of particle size on the morphology of RAW264.7 cells
were observed aer 3 days of culture. First, cells were washed
with phosphate buffer solution and xed with 4% PFA. On one
hand, cells on and around the particles were observed using
SEM (Quanta 250, FEI, Hillsboro, OR, USA) aer gradient
elution with ethanol and thermostatic drying; On the other
hand, the cell nuclei were stained with DAPI (Sigma-Aldrich, St.
Louis, MO, USA) and observed using confocal laser-scanning
microscopy (CLSM; Nikon, Tokyo, Japan).
This journal is © The Royal Society of Chemistry 2018
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2.7. ELISA for in vitro analyses

RAW264.7 cells (5 � 104 per well) were plated in 24-well plates
in triplicate and incubated for 2 h. Aer the cells were attached
to the plates, the medium was replaced with the dispersion
liquid containing 10 mg mL�1 Ti, Waston, Waston recycled,
EOS, or Arcam particles. Aer culturing for 1 or 3 days, the
culture media were collected and the TNF-a and IL-6 concen-
trations were determined using the ELISA kit from R & D
Systems (see Section 2.5). As the control, medium was collected
from cells cultured in parallel in the absence of particles. Each
experiment was performed three times in triplicate.
Fig. 1 (A) SEM images of (a) 5000� and (b) 40 000� Ti particles; (c)
500� and (d) 1000�Waston particles; (e) 500� and (f) 1000�Waston
recycled particles; (g) 500� and (h) 1000� EOS particles; and (i) 500�
and (j) 1000� Arcam particles. (B) Number average particle sizes
according to SEM images. (##P < 0.01 vs. Ti group; BBP < 0.01 vs.
Waston group; **P < 0.01 vs. EOS group). (C) Laser-particle analysis
of the cumulative distribution (continuous line) and mean volume
particle sizes of (a) Ti, (b) Waston, (c) Waston recycled, (d) EOS, and (e)
Arcam particles.
2.8. Osteoclastogenesis assay in vitro

2.8.1. Preparation and culture of mouse bone marrow-
derived monocytes. To examine the effect of different printing
particles on osteoclastogenesis in vitro, mouse bone marrow-
derived monocytes (BMMs) were isolated as previously
described.26,27 All the animal experiments were performed in
accordance with the guidelines and regulations for the care and
use of laboratory animals of the National Institutes of Health.
All procedures were approved by the Institutional Animal Care
and Use Committee of Shanghai Jiao Tong University School of
Medicine. Briey, bone marrow cells collected from tibiae and
femurs were incubated in a T75 ask in a-MEM containing 10%
(v/v) FBS and 30 ng mL�1 macrophage colony-stimulating factor
(M-CSF; PeproTech, Rocky Hill, NJ, USA) at 37 �C in a humidi-
ed atmosphere of 5% CO2 and 95% air. Aer incubation for 3
days, the medium was changed to remove non-adherent cells
and impurities, and the adherent cells were used as BMMs. The
incubation was continued for an additional 4 days. Aer
reaching 90% conuence, the BMMs were harvested through
trypsin digestion and seeded into culture plates for further
experiments.

2.8.2. Cell viability. The effects of particle size and
concentration on the viability of BMMs were investigated using
the CCK-8 assay. BMMs (1 � 104 per well) were plated in 96-well
plates in triplicate and incubated for 2 h. Aer cells were stably
attached to the plates, the medium was replaced with the
dispersion liquid containing different particles at concentra-
tions of 0, 1, 5, 10, 20, 40, and 80 mg mL�1. Aer the cells were
cultured with the particles for 1, 3, or 5 days, cell viability was
analyzed by CCK-8 assay according to the manufacturer's
instructions. Cells cultured with standard media were used as
the control. Results are reported as the percentage ratio:
ODsample/ODcontrol � 100% (n ¼ 3).

2.8.3. Osteoclastogenesis induced with different particles.
Based on the CCK-8 results, the osteoclastogenic effects of
different particles on BMMs were subsequently assayed. BMMs
(8 � 103 per well) were plated and incubated in 96-well plates in
triplicate. Aer 24 h of culture, the medium was replaced with
fresh osteoclast differentiation medium containing 30 ng mL�1

M-CSF, 100 ng mL�1 Receptor Activator for Nuclear Factor-kB
Ligand (RANKL; PeproTech), and different types of particles
(1 mg mL�1 in culture medium). The culture medium was
changed every 48 h carefully without removing the particles. For
the control, cells were cultured in the osteoclast differentiation
This journal is © The Royal Society of Chemistry 2018
medium without any added particles. Aer 3 or 5 days of
culture, cells were immobilized and stained using a TRAP
staining kit (387A-1KT, Sigma-Aldrich); TRAP-positive cells
containing more than three nuclei were regarded as multinu-
cleated osteoclasts. Osteoclasts were counted under an optical
microscope. The TRAP-positive multinucleated cell area was
measured using Image-Pro Plus.

2.9. Statistical analysis

SPSS 17.0 soware (SPSS, Inc., Chicago, IL, USA) was used to
analyze the data obtained from at least three independent
experiments. Data are expressed as the mean � standard devi-
ation (SD). Statistical analysis was performed using one-way
analysis of variance (ANOVA). P < 0.05 was considered statisti-
cally signicant.

3. Results and discussion
3.1. Characterization of different particles

Morphology and particle-size distributions of different parti-
cles are shown in Fig. 1. The SEM results (Fig. 1A) revealed that
Ti particles featured irregular shapes as expected for a typical
wear particle model, whereas the particles used for 3D printing
systems featured a regular spherical shape with a smooth
surface. The results also showed clear differences in particle
sizes; according to our calculations (Fig. 1B and Table 1), Ti
particles (2.62 � 1.25 mm) showed a typical size around 2 mm.
Arcam particles presented the largest particle size (58.93 �
7.59 mm) among the printing particles, EOS particles featured
a relatively intermediate size (35.44 � 3.96 mm), whereas
Waston (26.15� 4.59 mm) andWaston recycled particles (23.97
RSC Adv., 2018, 8, 2229–2239 | 2231
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Table 1 The calculated size of different particles

Particles Mean size (mm) Surface area (cm2 mg�1)

Ti 2.62 � 1.25 5.20
Waston 26.15 � 4.59 0.52
Waston recycled 23.97 � 6.78 0.56
EOS 35.44 � 3.96 0.38
Arcam 58.93 � 7.59 0.23
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� 6.78 mm) presented the smallest size. Moreover, the Waston
recycled particles contained a higher number of smaller and
larger particles than the original particles, which might be due
to the lasing and recycling process. We further analyzed the
size distribution of the particles by using the laser diffraction
method (Fig. 1C). The Ti, EOS, and Arcam particles exhibited
a relatively uniform size distribution. Among all of the exam-
ined particles, Ti particles presented the smallest mean
volume particle size and Arcam particles presented the largest
size. The Waston particles (Fig. 1C-b) and Waston recycled
particles (Fig. 1C-c) featured smaller mean volume particle
sizes than other printing particles, but their size distribution,
particularly that of Waston recycled particles, was wider than
Fig. 2 (A) Representative 3D reconstructed mCT images from each group
(*P < 0.05 and **P < 0.01 vs. Sham; ##P < 0.01 vs. Ti group; BP < 0.05

2232 | RSC Adv., 2018, 8, 2229–2239
that of EOS and Arcam particles, which supported our imaging
results.
3.2. Effects of particles on osteoclast-mediated bone
resorption in vivo

3.2.1. mCT assay. Osteolysis induced by the low and high
concentrations of the particles was rst studied using mCT
analysis (Fig. 2). The 3D reconstructed mCT images of the cal-
varial bone (Fig. 2A) and quantication of the results (Fig. 2B)
revealed that exposure to the particles induced distinct extents
of osteolysis (reected by the number of pores and the
percentage of porosity on the bone surface) relative to sham
treatment (P < 0.01). However, bone destruction induced by the
printing particles was considerably less serious than that
induced by the positive-control Ti particles (P < 0.01). Among
the original printing particles, Waston particles, which were the
smallest, triggered the most serious bone destruction, whereas
EOS particles, which were of an intermediate size, produced the
weakest effect. Unexpectedly, we also found that recycled Was-
ton particles caused more serious bone destruction as
compared to the original particles. Furthermore, our results
showed that bone loss could be induced by the printing parti-
cles sensitively. Even at a relatively low concentration, the
. (B) Number of pores and percentage of total porosity of each sample
and BBP < 0.01 vs. Waston group).

This journal is © The Royal Society of Chemistry 2018
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particles exerted the same size-dependent effect on bone
destruction.

3.2.2. Histological staining and histomorphometric
analysis

3.2.2.1. Histological staining analysis. To further verify the
osteolysis induced by the particles, we performed HE staining
(Fig. 3). The results conrmed the aforementioned phenom-
enon observed using mCT imaging, with regard to the different
extents of bone destruction induced by the particles. When the
printing particles were implanted at a low concentration,
osteolysis was induced weakly inside the bone tissue; by
contrast, at a high concentration, all particles triggered
serious osteolysis inside the bone tissue as compared to sham
treatment (bone area ¼ 0.2501 � 0.0308 mm2) (P < 0.01). The
bone area measured for the Ti group (0.1375 � 0.0406 mm2)
was signicantly smaller than that measured for the other
particle groups (P < 0.01), whereas the area was considerably
larger for the EOS group (0.1837 � 0.0432 mm2); the Waston
recycled group (0.1537 � 0.0477 mm2) showed the second
smallest bone area, followed by the Waston group (0.1621 �
0.0299 mm2).

3.2.2.2. Histomorphometric analysis. Osteoclast formation is
known to be responsible for both physiological and patho-
logical bone resorption.28 Therefore, we identied the osteo-
clasts present in bone tissue by TRAP staining (Fig. 4).
Although bone loss was induced weakly, TRAP-positive osteo-
clasts were sensitively induced by all the printing particles
while implanted at low concentration. Aer implantation of
particles at high concentration, abundant osteoclasts were
observed along the eroded bone surface inside the calvarial
bone. The trend observed in the particle-induced TRAP-
Fig. 3 Histological staining of calvarial sections. (A) HE staining (�5, �2
trations. (B) Quantification of bone area (mm2) in each group (**P < 0.0

This journal is © The Royal Society of Chemistry 2018
positive multinucleated osteoclasts was consistent with
bone-loss results.

3.2.3. ELISA analysis of proinammatory cytokines in vivo.
To investigate the mechanisms underlying the effects of parti-
cles on osteolysis, we measured levels of the proinammatory
cytokines TNF-a and IL-6 by using ELISA (Fig. 5). TNF-a levels
induced by the particles were signicantly higher than those in
the sham group (P < 0.01). All printing particles induced lower
levels of TNF-a than the Ti particles at both low and high
concentrations. Although no signicant difference was
observed among the printing particles, Waston and Waston
recycled particles showed a stronger stimulation effect.

The tested particles also induced higher levels of IL-6 as
compared to the level in the sham group (P < 0.01). When
implanted at a low concentration, all particles induced IL-6 at
low levels, and levels induced by printing particles did not differ
markedly from those induced by positive-control Ti particles.
However, at a high concentration, the levels of IL-6 induced by
the printing particles were signicantly lower than that induced
by the Ti particles (P < 0.01). Among the original printing
particles, Waston particles most strongly stimulated IL-6
production (P < 0.01). Additionally, Waston recycled particles
resulted in a considerable increase in IL-6 production relative to
that induced by the original particles (P < 0.01).

3.3. Proinammatory assay in vitro

3.3.1. Cell viability and morphology. The effects of particle
size and concentration on the viability of macrophages
RAW264.7 were determined by CCK-8 assays aer 1 and 3 days of
culture (Fig. 6). Printing particles did not appear to exhibit cyto-
toxicity toward macrophages; cell viability was high aer
0) after 14 days of implantation of particles at low and high concen-
1 vs. Sham; #P < 0.05 and ##P < 0.01 vs. Ti group).

RSC Adv., 2018, 8, 2229–2239 | 2233
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Fig. 4 Histomorphometric analysis of calvarial sections. (A) TRAP staining (�5, �20) after 14 days of implantation of particles at low and high
concentrations. (B) Quantification of TRAP-positive multinucleated osteoclasts in each group (**P < 0.01 vs. Sham; #P < 0.05 and ##P < 0.01 vs.
Ti group; BP < 0.05 vs. Waston group).
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exposure to the particles at each concentration and time point.
However, Ti particles induced high cytotoxicity at concentrations
higher than 10 mgmL�1. Therefore, cell morphology aer 3 days
of culture with the particles at 10 mg mL�1 was analyzed using
SEM and CLSM (Fig. 7). The SEM images from the top view
(Fig. 7A) and CLSM images from the bottom view (Fig. 7B)
revealed that the cells grew around EOS and Arcam particles,
whereas they mostly grew under Ti particles. Notably, numerous
cells were observed to grow on the Waston and Waston recycled
particles and encompass most of them in the SEM images. CLSM
images from the side view (Fig. 7C) further veried that more
Fig. 5 Effects of particle size and particle concentration on proin-
flammatory cytokines in vivo. Levels (pgmL�1) of (A) TNF-a and (B) IL-6
(**P < 0.01 vs. Sham; #P < 0.05 and ##P < 0.01 vs. 10 mg mL�1 Ti
group;BP < 0.05 andBBP < 0.01 vs. 10 mg mL�1 Waston group; DP
< 0.05 andDDP < 0.01 vs. 30mgmL�1 Ti group;,,P < 0.05 vs. 30mg
mL�1 Waston group).

2234 | RSC Adv., 2018, 8, 2229–2239
cells harboring an intact nucleus grew on the Waston and Was-
ton recycled particles than on Ti, EOS, and Arcam particles.

3.3.2. ELISA analysis in vitro. To quantify the inammatory
response of macrophages to the particles, we measured the
levels of TNF-a and IL-6 produced by RAW264.7 cells aer 1 and
3 days of culture. Aer 1 day of culture, EOS and Arcam particles
exerted no effect on TNF-a production relative to control
Fig. 6 Effects of particle size and particle concentration on RAW264.7
cell viability. CCK-8 assay of the proliferation of cells cultured with
different concentrations of various particles for 1 and 3 days. (Ti group:
*P < 0.05 and **P < 0.01 vs. 1 mg mL�1 particles; EOS group: DDP <
0.01 vs. 1 mgmL�1 particles; Arcam group:,,P < 0.05 vs. 1 mgmL�1

particles).

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Effects of particle size and particle concentration on RAW264.7
cell growth and morphology. Growth and morphology of cells
cultured with various particles after 3 days of culture. (A) SEM images
from top view; (B, C) CLSM images of cells with DAPI-stained nuclei
(blue) from bottom view and using a deep-related mode from a side
view.
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(Fig. 8A). However, all tested particles induced higher levels of
TNF-a and IL-6 production relative to the control aer 3 days of
culture (P < 0.01). The levels of TNF-a and IL-6 induced by the
Fig. 8 Effects of particle size and particle concentration on proin-
flammatory cytokines in vitro. (A) TNF-a and (B) IL-6 production by
RAW264.7 cells after 1 and 3 days of culture with particles at 10 mg
mL�1 (*P < 0.05 and **P < 0.01 vs. Sham; ##P < 0.01 vs. 10 mgmL�1 Ti
group; BP < 0.05 and BBP < 0.01 vs. 10 mg mL�1 Waston group;
**P < 0.01 vs. 10 mg mL�1 EOS group).

This journal is © The Royal Society of Chemistry 2018
printing particles were considerably lower than those induced
by Ti particles. Although the levels of the proinammatory
cytokines induced by the original printing particles did not
differ signicantly, EOS particles showed the weakest induction
of proinammatory cytokine secretion; and Waston recycled
particles induced higher levels of IL-6 production than the
original particles (P < 0.05).
3.4. Osteoclastogenesis assay in vitro

3.4.1. Cell viability. In contrast to RAW264.7 cells, BMMs
were highly sensitive to the effects of particle concentration and
size (Fig. 9A). Whereas cell proliferation was strongly inhibited
during 5 days of culture with Ti, Waston, and Waston recycled
particles, the cells grew well when cultured with EOS and Arcam
particles. Furthermore, the inhibitory effect increased markedly
with the concentration of the particles.

3.4.2. Osteoclastogenesis induced by distinct particles.
Based on the results of the cell viability assays and the opera-
bility of the particles, the stimulation of osteoclast formation by
various particles applied at 1 mg mL�1 was studied. BMMs were
cultured with the particles for 3–5 days. Subsequently, TRAP-
positive multinucleated cells were stained and analyzed
(Fig. 9B and C). Most of the printing particles induced an
increase in the number and area of TRAP-positive multinucle-
ated osteoclasts during the culture period. Aer 5 days of
culture, the following trend was observed: Waston and Waston
recycled particles most strongly induced osteoclast formation,
whereas the number and area of osteoclasts aer culture with
EOS particles were similar to those aer culture in the absence
of added particles. Few osteoclasts were observed in the culture
plate of Ti particles during the entire culture period. This might
be due to the drastic decrease in cell viability; because the cells
were dead or dying, they were probably incapable of fusing into
osteoclasts. The difference between the results obtained in the
in vitro and in vivo experiments might be due to the release of
cytokines by the dying cells in vivo, which could attract fresh
macrophages from nearby tissues or the blood circulation.
4. Discussion

Clinical use of 3D-printed titanium-alloy orthopedic implants
has been gradually increasing. The printing particles retained
inside the implants are hard to be removed completely. To the
best of our knowledge, no previous study has investigated the
biological activity of printing particles sized between 20 and 100
mm at cell and tissue level, including the inammatory
responses and osteolysis elicited by these particles. In addition,
particles are usually recycled and used aer a simple sieving
process. Whether differences of biocompatibility exist between
the recycled particles and original particles remains unknown.
The chemical composition, size, charge, and surface area of
these particles are believed to primarily determine the intensity
of the foreign body macrophage response and the extent of
osteolysis.17,18,29 With particles possessing uniform composition
and spherical morphology, we examined how particle size,
particle concentration, and recycling of the particles affected
RSC Adv., 2018, 8, 2229–2239 | 2235

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra12677h


Fig. 9 Effects of particle size and particle concentration on osteoclastogenesis in vitro. (A) Proliferation of BMMs cultured with particles at
different concentrations for 1, 3, and 5 days, measured using the CCK-8 assay (Ti group: **P < 0.01 vs. 1 mgmL�1 particles; Waston group: ##P <
0.01 vs. 1 mg mL�1 particles; Waston recycled group:BBP < 0.01 vs. 1 mg mL�1 particles; EOS group: DP < 0.05 and DDP < 0.01 vs. 1 mg mL�1

particles; Arcam group:,P < 0.05 and,,P < 0.01 vs. 1 mg mL�1 particles). (B) Osteoclasts differentiated from BMMs after being cultured with
1 mg mL�1 particles for 3 and 5 days were identified through TRAP staining (�10). (C) Quantification of TRAP-positive multinucleated cells and
their area percentage (**P < 0.01 vs. Sham; #P < 0.05 and ##P < 0.01 vs. Ti group; BP < 0.05 vs. Waston group).
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inammation/osteolysis-stimulating and osteoclastogenesis in
vitro and in vivo with the classic wear particle model (Ti parti-
cles) used as the positive control.

First, our physical characterizations veried the specic
differences of particle sizes used for EBM and SLM as reported
previously.19–21 Although the particles were used with the same
printing technique, Waston particles were found to feature
smaller mean particle sizes than EOS particles. Moreover,
although the composition was unchanged (data not shown),
Waston recycled particles displayed a wider particle size
distribution as compared to the original particles.

To study the biological activity of the printing particles in
vivo, an immunocompetent C57BL/6 murine model that
produces foreign-body responses similar to those observed in
human patients was used.30 Results of histological staining and
3D reconstructed mCT images veried that the particle size and
2236 | RSC Adv., 2018, 8, 2229–2239
concentration affected bone destruction on both the surface
and inside of the calvarial bone. The severity of the effects
observed in the groups showed the following trend: Sham < EOS
< Arcam <Waston <Waston recycled < Ti. Printing particles that
around 20 mm or 60 mm might exert strong osteolysis-inducing
effects. Recycled Waston particles caused more serious osteol-
ysis than the original particles, which might be owing to the
recycled particles including a higher number of small and large
particles when compared to the original particles, as was clearly
observed in the SEM images. Analysis of TRAP-positive osteo-
clast formation in the bone destruction area revealed a similar
trend of particle size- and concentration-dependent effects and
conrmed our hypothesis that the osteolysis-induction effect of
the printing particles is closely related to osteoclast activation.

Inammatory responses have been implicated as a major
contributor to increased osteoclastic activity and accelerated
This journal is © The Royal Society of Chemistry 2018
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osteolysis.15,16,31,32 Titanium-alloy wear particles (0.5–10 mm) are
widely recognized to play a critical role in osteolysis by inducing
inammatory responses.33–35 Recently, large particles at the
macro level (size of >100 mm) have been observed to lead to
a maintenance of foreign-body reaction and inammatory
responses.36–38 Thus, we hypothesis that the inammatory
response might be an underlying reason for the size-dependent
osteoclast-activating and osteolysis-inducing effects of printing
particles observed here.

Moreover, an interesting phenomenon was also observed
here: serious osteolysis inside the bone tissue was observed in
the histological analysis, whereas the bone loss induced on the
surface by the printing particles appeared to be comparatively
weak according to the imaging results. This phenomenon
further supports our inammatory response hypothesis that the
particles activate macrophages as wear particles to secrete
proinammatory cytokines, including IL-1, IL-6, and TNF-a,
which indirectly stimulate osteoclastic bone resorption and
promote the recruitment of mononuclear cells into these
osteolytic lesions.15,16,39–43

Given these ndings, we measured the concentration of the
proinammatory cytokines, IL-6 and TNF-a, in the medium of
cultured calvaria. The levels of both cytokines were increased
drastically aer implantation of the particles at either a low or
high concentration. Furthermore, the severity of the effect
measured here showed a similar trend as that observed in the
osteolysis results, which implies that osteolysis is related to the
inammatory response and the secretion of the proin-
ammatory cytokines, TNF-a and IL-6.

To further study how the particles triggered inammation
and osteoclastogenesis in vitro, the model cells for monocytes
and macrophages, BMMs and RAW264.7 cells, respectively,
were used. Being different from Ti group which showed cyto-
toxicity, the printing particles were found to be nontoxic to the
RAW264.7 cells. In addition, much more cells were observed
around and on the original and recycled Waston particles than
other printing particles in the SEM and CLSM results (Fig. 7).
Furthermore, the levels of the cytokines TNF-a and IL-6
increased with time and the effect showed a size-dependence
similar to that observed in the osteolysis assay in vivo. Thus,
we hypothesized that the size-dependent induction effects of
the particles might be partly relevant to their role in cell
accumulation and attachment. It is known that wear particles
swily adsorb a layer of host proteins immediately aer
implantation and exposure to physiologic uids.44 Upon
binding to the proteins adsorbed on biomaterial surfaces,
macrophages that are recruited to the implant site could be
activated, resulting in release of inammatory cytokines such
as TNF-a, IL-6, and IL-1 44–46 and accelerated osteolysis.39–43,47,48

Among the printing particles, Waston original and recycled
particles, with a smaller particle size and larger specic surface
area per unit weight (Table 1), contacted with more cells and
thereby probably led to the more pro-inammation cytokines
induced. However, the high level of inammatory cytokines
stimulated by Arcam particles suggests that the biological
activity of particles with a size of approximately 60 mmmight be
a result of other mechanisms that need further study.
This journal is © The Royal Society of Chemistry 2018
Previously, we found that printing particles did not directly
induce osteoclast maturation from precursors in the absence of
RANKL (data not shown), which is consistent with a previous
study.49 In this study, the promotion effect of particles on
osteoclastogenesis was analyzed in the presence of M-CSF and
RANKL. Although no statistically signicant difference was
observed in the effects of the printing particles, all of the
particles at a non-cytotoxic concentration were found to effec-
tively stimulate BMMs differentiation and promote the forma-
tion of multinucleated osteoclasts; moreover, the trend here
was similar to that observed in vivo. These results indicate that
bone loss induced by printing particles is also closely related to
promotion of osteoclastogenesis.

However, some limitations exist in our current study. First,
even though size-dependent effects of printing particles on
osteolysis and the inammatory reaction were clearly veried in
this study, the underlying molecular mechanisms remain
unclear and need to be investigated in future studies. Second,
several typical printing particles from main supplier companies
were chosen as study objects here. With the increased popu-
larity of the 3D printing industry, more companies have been
established in the last 3 years. Comprehensive investigations
including distinct printing particle samples from other
suppliers should be designed to better characterize the biolog-
ical activity of printing particles. Despite these limitations, this
study would still be valuable for improving the use of printing
raw materials in the application of clinical implant fabrication.
5. Conclusion

In this study, we analyzed for the rst time the in vitro and in
vivo inammatory reaction and osteolysis induced by
commonly used Ti6Al4V printing particles and by one-time
recycled particles; differences in particle size were observed
not only between particles used for EBM and SLM techniques,
but also between those from different companies based on the
same technique. Recycled particles were found to possess
a wider size distribution than the original particles. Although
the effect was less serious than that observed with classic Ti
particles, the printing particles stimulated macrophages to
secrete proinammatory cytokines and promoted BMMs
differentiation into multinucleated osteoclasts in vitro, and
triggered a proinammatory reaction and osteolysis in vivo. At
both low and high concentrations, particles sized approximately
20 mm and 60 mm strongly triggered proinammatory reactions,
osteoclastogenesis, and osteolysis. And recycled particles may
have an even stronger effect than the original particles. The
results of our ndings might could serve as a valuable reference
when using printing particles or examining the feasibility of
recycling procedures for implant fabrication.
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